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ABSTRACT  
 
 
In geotechnical practice most soils are in unsaturated conditions, for instance the 
compacted soils used in several engineering constructions (such as earth dams, highways, 
embankments, and airport runways). In fact, testing the soil in unsaturated conditions is 
not common in soil mechanics laboratory. 
Plane-strain (biaxial) test is also not common in soil mechanics laboratory tests. 
Even though, in reality, the state of deformation of several structures (e.g., long retaining 
walls and strip foundations) is plane-strain state. The biaxial testing procedures are more 
complex compared to triaxial tests. Several researchers have extensively studied the strain 
localization in biaxial tests for dry or saturated soils. But there is no study concerning the 
effect of soil suction on the characteristics of shear bands in unsaturated conditions.   
In the available literature, most of the biaxial devices are not capable to test 
unsaturated soil, but only dry or fully saturated soils. As known to the author, there is just 
one biaxial device in an on going research which is capable of testing unsaturated soil 
specimens in plane-strain conditions. It is evident that there is a lack in the knowledge 
about unsaturated soil behavior in plane-strain conditions. 
In this dissertation, a new, unique and original biaxial device for testing 
unsaturated soil was designed and developed. A study on the mechanical behaviour of 
unsaturated sand in plane-strain conditions using the new device is presented. The tests 
were mainly conducted on Hostun sand specimens. A series of experiments including 
basic characterisation, soil water characteristic curves, and compression biaxial tests on 
dry, saturated, and unsaturated sand were conducted. A set of bearing capacity tests of 
strip model footing on unsaturated sand were performed. Additionally, since the presence 
of fine content (i.e., clay) influences the behavior of soils, soil water characteristic tests 
were also performed for sand-kaolin mixtures specimens. 
The experimental results obtained are analysed and several characteristics of the 
materials are brought out in this thesis. Factors influencing the friction angle, dilatancy 
angle, and shear band inclination angle are outlined and discussed. The effect of the 
matric suction on the shear strength and the ultimate bearing capacity of unsaturated sand 
is discussed and the experimental results are compared to the predicted ones. The 
characteristics of the wetting and drying curves of the sand-kaolin mixtures influenced by 
the fine content are discussed.  Finally, general conclusions regarding the mechanical 
behaviour of the Hostun sand and sand-kaolin mixtures are drawn and suggestions for 
future studies are presented.   
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ZUSAMMENFASSUNG  
 
In der geotechnischen Praxis befinden sich die meisten Böden in ungesättigtem 
Zustand, wie z. B. die verdichteten Böden, die bei einer Vielzahl von Ingenieurbauwerken 
(Erddämme, Strassen, Schüttungsdämme und Start- und Landebahnen im Flughafenbau 
u.a.) eingesetzt werden. Allgemein ist es jedoch nicht üblich, die Eigenschaften von 
Böden im ungesättigten Zustand mit gewöhnlichen bodenmechanischen Laborversuchen 
zu untersuchen. 
Ebenso bilden zweiachsige Verformungsversuche (Biaxialversuche) eher die Aus-
nahme. Demgegenüber herrscht jedoch bei vielen Bauwerken (z.B. langen Stützmauern 
und Streifenfundamenten) ein ebener (biaxialer) Dehnungszustand. Im Vergleich zu den 
Triaxialversuchen ist die Methode der Biaxialversuche weitaus komplexer. Die Lokali-
sierung der Dehnungen in Biaxialversuchen wurde von einer Vielzahl von Wissenschaft-
lern in umfangreichen Studien ausführlich für trockene und gesättigte Böden untersucht. 
Jedoch existieren bislang keine Untersuchungen über die Wirkung von Saugspannungen 
auf die Scherbandcharakteristik ungesättigter Böden. 
In der zur Verfügung stehenden Literatur wird von biaxialen Versuchsgeräten 
berichtet, die im Allgemeinen nur für die Analyse trockener oder gesättigter, nicht aber 
für Untersuchungen ungesättigter Bodenproben geeignet sind. Soweit dem Autor bekannt, 
ist im Rahmen eines laufenden Forschungsprojektes lediglich ein biaxiales Versuchsgerät 
zur Untersuchung ungesättigter Böden erwähnt worden. Daraus wird offensichtlich, dass 
auf Grund fehlender Informationen, über das Verhalten ungesättigter Böden für den 
ebenen Dehnungszustand, noch ein erheblicher Forschungsbedarf besteht. 
In der vorliegenden Dissertation wird durch den Autor ein neuer, einzigartiger 
biaxialer Versuchsstand für die Untersuchung ungesättigter Böden entwickelt und die an 
Proben von ungesättigtem Sand gewonnenen Versuchsergebnisse vorgestellt. Im Wesent-
lichen werden die Versuche an Proben von Hostun-Sand-Proben durchgeführt. Die 
Versuchsreihen umfassen die Charakterisierung (Klassifizierung) des Bodens, die Aus-
arbeitung von Wasserretentionskennlinien (Soil Water Characteristic Curves) und die 
Durchführung von biaxialen Kompressionsversuchen an trockenen, gesättigten und 
ungesättigten Proben. Desweiteren werden Modellversuche an Streifenfundamenten zur 
Untersuchung der Tragfähigkeit durchgeführt. Begründet durch die Veränderung des 
Bodenverhaltens durch geringe Anteile von bindigem Material, werden zusätzlich 
Versuche mit einer Mischung aus Sand und Kaolinit analysiert. 
Die unter Verwendung des neuen Versuchsstandes erzielten experimentellen 
Ergebnisse werden analysiert und daraus eine Vielzahl von Eigenschaften abgeleitet. Die 
   Zusammenfassung 
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verschiedenen Merkmale des untersuchten Materials sind in dieser Arbeit dargestellt. Die 
den Reibungswinkel, den Dilatanzwinkel und den Scherbandneigungswinkel beeinflus-
senden Faktoren, werden aufgezeigt und diskutiert. Der Einfluss von Saugspannungen auf 
die Scherfestigkeit und die Grenztragfähigkeit von ungesättigtem Sand wird erörtert und 
die Ergebnisse der Versuche mit den prognostizierten Werten verglichen. Zusätzlich wird 
der Einfluss von feinem Material auf die charakteristischen Merkmale der Feucht- und 
Trockenkurven der Sand-Kaolinit-Mischungen diskutiert. 
Abschließend werden allgemeine Schlussfolgerungen bezüglich des mechanischen 
Verhaltens von Hostun-Sand und Sand-Kaolinit Mischungen gezogen und Vorschläge für 
zukünftigen Forschungsbedarf aufgeführt. 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Background and motivations   
The state of deformation in several structures (e.g., slopes, long retaining walls, 
strip foundations, embankments) is plane strain state. In most cases, the water table is at 
considerable depth, and the soil below the footings has a negative pore-water pressure 
(i.e., suction). Additionally, most of the potential slip surface may pass through 
unsaturated soils. The influence of the suction on the stability of the soil in bearing 
capacity or slope stability problems will arise from its contribution to the shear strength 
of the soil. 
Significant developments and achievements were done in the field of traditional 
soil mechanics where the soil is considered to be dry or fully saturated. The developments 
of the unsaturated soil were mainly limited to the fact that unsaturated soil testing needs 
special techniques and well equipped laboratories. In unsaturated soil, the pore-water 
pressure is negative relative to the pore-air pressure. Testing unsaturated soils in 
laboratory is complicated and time consuming task. 
Volume change measurements are essential to study the stress-strain behavior of 
the soil. Measuring the volume change of unsaturated sample is a challenging topic. 
Several techniques were proposed for this purpose. The proposed approaches can be used 
individually or combination of two methods or more for more accurate measurement. 
One of these methods is to measure the volume changes of unsaturated soil specimens 
indirectly by the double-wall cell concept which is adopted in this study. 
Plane-strain (biaxial) devices are not common in geotechnical investigations. This 
type of test is more complicated to conduct than triaxial test. The difficulties are mainly 
related to the need for special mold, membrane, accessories, and the preparation of a 
prismatic soil specimen.  
In the available literature, almost all the biaxial devices were designed to test 
saturated or dry soils. As known to authors, there is just one biaxial device in an on going 
research is capable of testing unsaturated soil specimen in plane-strain conditions. 
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Additionally, the strain localization and shear banding in dry or saturated soils have been 
extensively studied in a lot of researches. But, there are no studies concerning the effect 
of soil suction on the shear bands characteristics in unsaturated soil. The need for more 
studies on these issues is crucial. 
It is evident from the above discussion that there is a lack in the knowledge about 
unsaturated soil behaviour in plane-strain conditions. Therefore, for better understanding 
of unsaturated soil behaviour in general and in plane-strain state in particular; the current 
biaxial device was developed and used in this experimental program. 
1.2 Objectives and Scopes 
The main objective of the study is to investigate the mechanical behaviour of sand 
(i.e., shear strength, dilatancy, and shear banding) at failure conditions. The change in 
bearing capacity of unsaturated sand has been studied as well. Additionally, the thesis has 
an objective to study the influence of the fine content on the soil water characteristic 
curve by testing different sand-kaolin mixtures.  
The research programs primarily consist of a series of biaxial tests on dry, 
saturated, and unsaturated Hostun sand, series of bearing capacity tests, and the SWCCs 
tests. The main objectives of this research are as follows: 
• Determination of the basic properties of the Hostun sand, Spergauer kaolin, and 
sand-kaolin mixtures.  
• Determination of soil water characteristic curves for Hostun sand, Spergauer kaolin, 
and three sand-kaolin mixtures with 5, 10, and 30% kaolin.  
• Developing a new double wall biaxial device. Details of the new device, system 
calibration, and the initial validation tests are presented. 
• Investigating the effect of matric suction on the shear strength, volume change 
behaviour, and shear band characteristics of Hostun sand in plane-strain conditions. 
• Investigating the effect of matric suction on the bearing capacity of a model strip 
footing on unsaturated Hostun sand. 
• Investigating the effect of the fine content (i.e., kaolin content) on the parameters of 
the soil water characteristic curve. 
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1.3 Organisation of the Dissertation 
The dissertation is composed by seven chapters. The first chapter describes the 
background and motivations, objectives of the thesis, and the organization of the thesis.  
The second chapter is devoted to presenting the literature review of the issues 
relevant to this study. An overview of the plane-strain state, unsaturated soil, suction 
concept, dilatancy in soil, and shear banding are given. Then a review of the biaxial 
devices and double wall cells cited in the literature is presented. Selected results from 
biaxial tests performed by different researches groups from literature are reviewed. 
The third chapter presents the basic physical properties of the materials used. Two 
materials were used in this study (i.e., Hostun sand and Spergauer kaolin). Additionally 
three sand-kaolin mixtures were used to investigate the influence of fine content on soil 
water characteristic curve of the soil. Then the testing programs for biaxial tests, bearing 
capacity tests, and SWCC tests are presented. 
In the fourth chapter, the testing devices used in this work (the new double-wall 
biaxial device, pressure plate apparatus, modified pressure plate, chilled mirror device, 
bearing capacity box) are introduced. The main parts of the new developed double-wall 
biaxial device, the calibrations, validation tests of the concept of two stress state 
variables, and the device’s repeatability tests are presented as well.  
The fifth chapter presents the results of the biaxial tests, bearing capacity tests, 
and tests of determination of soil water characteristic curves. In Section 5.2 the biaxial 
results for dry and unsaturated sand are presented. In Section 5.3 the experimental results 
of bearing capacity tests of model strip footing on unsaturated dense Hostun sand for 
different values of applied matric suction are presented. Section 5.4 describes the soil 
water characteristic curves of the soil tested. Hostun sand, Spergauer kaolin and three 
sand-kaolin mixture (with 5, 10, and 30 % kaolin) were tested.  
In the sixth chapter, the experimental results are analyzed, discussed, and 
compared to other results in the literatures. Firstly the biaxial results for the dry, 
saturated, and unsaturated Hostun sand are analyzed and compared to other results, 
placing emphasis to compare the current results with the biaxial results obtained in 
Grenoble by Prof. Desrues and his co-workers in several works for the same material 
(i.e., Hostun sand). Then, the effect of the matric suction on the bearing capacity of model 
strip footing on unsaturated sand is discussed. The measured shear strength and ultimate 
bearing capacity were compared to the predicted ones. The discrepancy between the 
measured and predicted values is discussed and explained. Finally, the results of the tests 
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performed to determine the soil water characteristic curves for different soils were 
analyzed to show the influence of the fine content on the parameters of the soil water 
characteristic curves (i.e., the air-entry value, the water-entry value, and the residual 
suction). 
Finally, Chapter 7 summarizes the main results and the related conclusions of this 
study and provides an outlook for further studies in this field. 
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CHAPTER 2 
LITERATURE REVIEW 
 2.1 Introduction 
This chapter presents literature review of the issues relevant to soil testing in 
plane-strain conditions. A review of the devices used to test the soil under plane-strain 
condition is presented. In addition, a review of biaxial results from different studies over 
the last four decades is also presented. Dilatancy phenomenon and shear banding in soils 
are elaborated. Suction concept and shear strength of unsaturated soil are briefly 
presented with the laboratory techniques used to determine the shear strength parameters. 
Techniques used for measuring the volume change of unsaturated soil are also elaborated 
and emphasis is given to the double wall concept. 
2.2 Unsaturated soil    
In unsaturated soil, the pore-water pressure is negative relative to the pore-air 
pressure. The compacted soils used in several engineering constructions, such as earth 
dams, highways, embankments, and airport runways, are unsaturated soils. 
2.2.1   Concept of suction   
The concept of suction was developed by several researches (e.g., Buckingham, 
1907; Edlefsen and Anderson, 1943; Bolt and Miller, 1958; Aitchison, 1965). Total 
suction has two components (i.e., matric suction (sm) and osmotic suction (π)). 
π+= mt ss                                                                                                                      (2.1) 
Total suction (st) is the total free energy of the soil water determined as the ratio 
of the partial pressure of the water vapour in equilibrium with a solution identical in 
composition to the soil water, to the partial pressure of the water vapour in equilibrium 
with a pool of free pure water.  
Matric suction (sm) is the component of free energy of the soil water, which is 
determined as the ratio of partial pressure of the water vapour in equilibrium with the soil 
water, relative to partial pressure of the water vapour in equilibrium with a solution 
identical in composition with a pool of soil water (Aitchison, 1965).  
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In soil, generally, matric suction consists of two components; namely, the 
hydration forces and capillary forces. The two forces are available in highly plastic clays 
such as bentonite (Pusch and Yong, 2003; Arifin and Schanz, 2009). In case of sands and 
low plastic clays, matric suction is related to capillary forces (Fredlund and Rahardjo, 
1993). Matric suction is usually defined as the difference between pore-air pressure (ua) 
and pore-water pressure (uw) in the soil. 
2.2.2   Stress state variables for unsaturated soil  
For a saturated soil, one stress state variable is enough to describe the behavior of 
two phases (solid and fluid/or gas) of soil mass. The stress state variable σ` is defined as 
σ` = σ − uw, where σ` is the effective stress, σ is the total stress, and uw is the pore-water 
pressure (Terzaghi, 1943).  
Unsaturated soil is normally considered as a three-phase system, i.e., solid, gas 
(air), fluid (water). In 1977, Fredlund and Morgenstern added the contractile skin as a 
fourth phase and these four phases were used by these two authors in the stress analysis 
of unsaturated soil on the basis of continuum mechanics. Several authors tried to define a 
single stress state variable for unsaturated soil but soil properties were involved in the 
proposed equations (Croney et al., 1958; Bishop, 1959; Richards, 1966; Aitchison, 1965; 
1973). State variables used to describe the state of the stress have to be independent of 
soil properties (Fung, 1977; Fredlund and Morgenstern, 1977). Bishop (1959) proposed 
the following single effective stress equation for unsaturated soil: 
)()(` waa uuu −+−= χσσ                                                            (2.2) 
where σ` is the effective stress, σ is total stress and χ is a parameter depends on the 
degree of saturation (effective stress parameter) (Lu and Likos, 2004). In 1961, Bishop 
and Donald performed a set of triaxial shear tests on unsaturated silt where the total stress 
(i.e., cell pressure), pore-air pressure, and pore-water pressure were varied by equal 
amount keeping (σ3 − ua) and (ua − uw) constant. The result of these tests substantiate the 
using of (σ3 − ua) and (ua − uw) as valid stress state variables for this type of test.  
Fredlund and Morgenstern (1977) discussed the stress state variables controlling 
the behavior of unsaturated soil. They stated that the stress state variables have to be 
created from the individual forces components acting on the solid, water and air phases, 
and the air-water contractile skin. The proposed variables are the net stress (σ − ua) and 
the matric suction (ua − uw). In the same work, Fredlund and Morgenstern (1977) 
validated the concept of stress state variables by a set of null tests. In these tests it has 
been proven that changing the air, water, and the total pressures causes no changes in the 
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state of the soil as long as the state variables remain constant. Tarantino et al. (2000) 
investigated these variables using a new laboratory apparatus. The results confirmed the 
use of the net stress and matric suction as stress state variables. Figure (2.1) shows the 
stress state in unsaturated soil element. 
2.2.3   Shear strength of unsaturated soil  
The factors affect the shear strength of sands includes void ratio, confining 
pressure, loading conditions, type of minerals, and  the size, shape, and gradation of the 
particles (Lamb and Whitman, 1979). In the absence of any bonds between the grains, the 
shear strength of sand can be defined by the Mohr-Coulomb failure criterion with zero 
cohesive intercept (Wang, 2005). For unsaturated soil, matric suction provides additional 
shear strength component which normally is referred to as apparent cohesion.  
2.2.3.1 Theory of shear strength of unsaturated soil 
Using the concept of one effective stress, Bishop (1959) proposed an equation to 
determine the shear strength of unsaturated soil as follow:  
`tan)(`tan)(` φχφστ waa uuuc −+−+=  (2.3)
where τ  is the shear strength of unsaturated soil, c` is the effective cohesion, φ` is 
effective angle of friction and (σ - ua) is the net normal stress. 
Fredlund et al. (1978) proposed the following equation to explain the shear strength of 
unsaturated soils as an extension of the shear strength equation of saturated soil:    
b
waa uuuc φφστ tan)(`tan)(` −+−+=  (2.4)
 
 
Figure (2.1) Normal and shear stresses in unsaturated soil element: (a) independent 
stress state variable approach; (b) effective stress approach (Lu and Likos, 2004) 
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                           (a) 
 
                               (b) 
Figure (2.2) Mohr-Coulomb criterion: (a) failure envelope for saturated soil; (b) failure 
surface for unsaturated soil (Lu and Likos, 2004) 
  In Equation (2.4), the changes in the shear strength relative to the changes in 
matric suction are represented by the angle φb. Figure (2.2) shows the Mohr-Coulomb 
failure envelope for saturated soil and the extended failure surface for unsaturated soil. 
2.2.3.2 Laboratory measurement of shear parameters for unsaturated soil 
In unsaturated soil testing it is essential to control the pore-air pressure within the 
sample independently of the pore-water pressure. This can be achieved by using ceramic 
discs which in the case of full saturation enable water to pass but prevent air from passing 
through it. This value of air pressure at which the air can pass through the ceramic disc is 
called the air entry value of the disc (AEV). Ceramic discs are available with deferent 
diameters, thicknesses, and air-entry values. 
The other issue of concern is how to apply high values of matric suction (i.e. how 
to apply high negative pore-water pressure within the spoil specimen). This can also be 
overcomed by using the axis translation technique (ATT) proposed by Hilf (1956). 
Modification should be applied to the conventional direct shear device and triaxial 
cell prior to use in unsaturated soil testing. The main modification is to provide ceramic 
discs to facilitate the application of the matric suction. Donald (1956) conducted a series 
of direct shear tests of sand and silt subjected to negative pore-water pressure. Bishop et 
al. (1960) proposed several techniques to measure the shear strength parameters in 
triaxial cell. Modified direct shear devices and triaxial cells were used to measure the 
shear parameter of unsaturated soil (e.g., Bishop et al., 1960; Satija, 1979; Ho and 
Fredlund, 1982; Krahn et al., 1987; Gan et al., 1988, Cliffton et al., 1999). 
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2.2.4   Volume changes of unsaturated soil  
Measuring of the overall volume change of the soil specimen is an important topic 
when testing an unsaturated soil specimen. There is a substantial difference when 
comparing saturated soil testing with unsaturated soil testing. In a saturated soil specimen 
the change in void ratio is due to the volume change of the water phase, so the soil 
volume change can be computed purely on the basis of variation in water volume. 
Whereas, in unsaturated soil, which can be considered as a four phase body, soil, 
water, air, and contractile membrane, the volume changes occur due to the changes in 
both the gas and the liquid phases (i.e., air and water). The total volume change of an 
unsaturated specimen is equal to the sum of the volume change of water and volume 
change of air by assuming that the soil skeleton is incompressible.   
2.2.4.1 Dilatancy in unsaturated soil   
The strength of sand is usually characterized by the peak friction angle, dilatancy 
angle, and critical state angle. The volumetric expansion angle in soils was first 
introduced by Hansen (1958). The dilatancy phenomenon was firstly observed by 
Reynolds (1885). This phenomenon was demonstrated by Reynolds (1902) in the famous 
rubber balloon test.  
The term interlocking was used by Taylor (1948) to describe the effect of the 
dilatancy in one of the earliest attempts to account for the increase in shear strength due 
to the dilatation in sand. Taylor’s shear box analogy is shown in Figure (2.3). Figure (2.4) 
shows the saw blades model of dilatancy represented by Bolton (1986). The term 
dilatancy is used to describe the increase in volume of dense sand during shearing and the 
rate of dilation can be represented by the gradient dεv/dγ where  dεv and dγ are the 
changes in volumetric strain and shear strain, respectively (Craig, 1997). 
A great deal of attention has been focused on the relationship between the angle of 
friction and the dilatancy angle (e.g., Rowe, 1962; Bolton, 1986; Wood, 1990; Been et al., 
1991; Schanz and Vermeer, 1996). Rowe (1962) proposed that the mobilized friction 
angle for dense sands can be presented as the sum of the sliding resistance, particle 
rearrangement, and dilation. 
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Figure (2.3) Taylor’s shear box analogy 
  
Figure (2.4) The saw blades model of dilatancy (Bolton, 1986) 
The effect of soil suction on dilatancy of unsaturated soil was studied by Ng and 
Chiu (2003) by performing series of triaxial tests on unsaturated loose decomposed 
granitic soil. The variation of the dilatancy (presented as dεv/dεp where dεv is the 
volumetric strain increment, and dεp is the shear strain increment) with matric suction is 
shown in Figure (2.5). For specimens tested under net mean stress higher than or equal to 
100 kPa, the dilatancy reduces with the suction. Whereas for other specimens tested 
under low net mean stress (i.e., 25-50 kPa) the dilatancy increases with the suction. 
Ng and Zhou (2005) presented the results of direct shear tests on two soils were 
presented. As shown in Figure (2.6) the maximum dilatancy (δy/δx)max depends on matric 
suction for the compacted decomposed granite (DCG). The maximum dilatancy increases 
with matric suction and the relationship between the maximum dilatancy and the matric 
suction is highly nonlinear. For comparison, experimental data from unsaturated shear 
box on silt performed by Nishmura (2000) are also shown in Figure (2.6). On contrary to 
the results of (DCG), the maximum dilatancy of the silt decreases linearly with matric 
suction. 
Zhan and Ng (2006) presented results of tests on unsaturated expansive clay using 
suction-controlled direct shear apparatus. The relationships between the applied matric 
suction with the maximum dilatancy (δy/δx)max for both natural and recompacted  
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specimens are shown in Figure (2.7). They concluded that the dilatancy of the expansive 
clay increases with increasing the applied matric suction. In addition they concluded that 
in the range of the applied suction (0-200 kPa), the contribution of the suction to the 
dilatancy seemed to be independent of the specimen type. 
 
Figure (2.5) Matric suction versus dilatancy (Ng and Chiu, 2003) 
 
Figure (2.6) Matric suction versus maximum dilatancy (Ng and Zhou, 2005) 
 
Figure (2.7) Variation of maximum dilatancy with suction for natural and 
recompacted expansive clay (Zahn and Ng, 2006) 
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2.2.4.2  Laboratory measurement of volume changes in unsaturated soil 
In unsaturated soil testing the methods to measure the volume change of the soil 
specimen can be categorized as direct and indirect methods. 
- The direct methods: (1) The local vertical and radial deformations of the specimen are 
measured using strain transducers attached to the specimen body. This method is more 
suitable to the case of relatively small strains. When the sample tends to deform into the 
barrel shape, the measurement of the change in the diameter of the specimen measured at 
one or two points may not be representative of the overall volume changes. (2) Non-
contacting techniques such as lasers (Romero et al. 1997) and proximity transducers 
(Hird and Hajj, 1995). These methods allow more accurate measurements of the 
specimen volume. These techniques require costly and sophisticated installation 
procedures. (3) Direct air-volume and water-volume measurements can be performed and 
the soil volumetric changes are deduced by simple addition of the air and water volume 
changes. Small temperature and atmospheric pressure changes also affect volume 
measurement and must be taken into account. (4) Image processing (e.g., Gachet et al., 
2003; Macari et al., 1997; Rifai et al., 2002; Laloui et al., 2006). As with lasers, direct 
contact with the specimen is not required, and the soil profile is measured over its entire 
height (Hoyos et al., 2008). 
- The Indirect method: The volume change of the cell fluid is measured and considered to 
be equal to the volume change of the unsaturated soil specimen. This method is 
associated with several problems such as the immediate expansion of the cell, plexiglass 
creep, and possible water leakage. The double-wall cell is used to minimize the possible 
expansion of the cell. Several fluids were used such as mercury, paraffin, and water.  
2.2.4.3 Review of double-wall cells 
In Double-wall system, both the inner and outer cells are pressurized by the same 
pressure during the test. Theoretically, null expansion of the inner cell can be achieved. 
As a result, the volume change of the inner cell fluid measured during the test will be 
equal the volume change of the unsaturated soil specimen tested. 
Several types of equipment were designed according to the double wall concept. 
The first double wall cell was presented by Bishop and Donald in 1961. In this double-
wall cell the inner cell was opened and mercury was used as a cell fluid in the inner 
container whereas the outer cell was filled with water. The changes in the level of the 
mercury surface were observed by the movement of a stainless steel ball floating in the 
mercury. In double-wall cell with opened inner cell, the soil volume change can be 
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deduced from the change the level of the inner cell fluid which can be monitored by a ball 
floater (Bishop and Donald 1961), a target float (Matyas and Radhakrishna 1968), or a 
thin layer of silicon oil if mercury is replaced by water (Cui and Delage, 1996). 
Differential pressure transducer was used to monitor the change in the level of the inner 
cell fluid (e.g., Rampino et al., 1999; Aversa and Nicotera, 2002; Ng et al., 2002; Cui et 
al., 2007). 
Wheeler (1988) developed a double-wall cell in which the two cells were filled 
with water. Cui and Delage (1996) presented a cell similar to that presented by Bishop 
and Donald (1961) where colored water rather than mercury was used as inner cell fluid.  
Yin (1998) proposed almost the same system of Donald and Bishop (1961), but 
with water (instead of the mercury) to fill the open-top cylindrical container, whereas the 
outer cell was filled with air. Later, Yin (2003) developed a double-wall triaxial cell using 
de-aired water to fill the inner and outer cell. Ng et al. (2002) proposed a double-wall cell 
but with an open-top bottle-shaped inner cylindrical container achieving more accurate 
reading in the changes of the water surface in the container. 
Sivakumar (1993) increased the stiffness of the cell by reinforcing the cells with 
fiberglass bands. Sivakumar et al. (2002) presented a double-wall cell with an essential 
difference that the inner cell was made of the high quality glass eradicating the absorption 
of the water by the acrylic walls of the inner cell. Table (2.1) summarizes the double wall 
cells. It should be noted here that all proposed double-wall cells are triaxial cells. Figures 
(2.8) and (2.9) show double-wall systems proposed by Wheeler (1988) and Ng et al. 
(2002), respectively.   
Table (2.1) Summary of the triaxial double wall cells 
Reference Inner cell Fluid (C/O)* Outer cell fluid 
Bishop & Donald (1961) Mercury (O) Water 
Wheeler (1986) Water (C) Water 
Cui & Delage (1996) Colored water (O) Water and air 
Yin (1998) Water (O) Air 
Geiser et al. (2000) Water (O)  Water 
Toyota et al. (2001) Water,  bottled shape (O) Water and air 
Sivakumar et al. (2002) Water (C) Water 
Ng et al. (2002 ) Water, bottled shape (O) Water and air 
Aversa & Nicotera (2002) Water, bottled shape (O)    Air  
Leong et al. (2003) Water (C) Water 
* Note: C and O refer to close or open inner cell, respectively. 
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Figure (2.8) Double-wall triaxial cell (Wheeler, 1986) 
      
Figure (2.9) Double-wall triaxial cell (Ng et al., 2002) 
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2.3 Plane-strain state    
2.3.1   Plane-strain concept in geotechnical engineering 
In several geotechnical field problems the deformation conditions and the 
geometry of the structure itself lead to consider the case as a plane-strain state. In the 
plane-strain state the deformation of the soil is considered to be, approximately, zero in 
one direction (i.e., the long dimension of the structure) and the soil is free to deform in 
the two other directions. Long retaining walls, strip foundations, embankments, and 
slopes are examples of the plane-strain state. Figures (2.10), (2.11), and (2.12) illustrate 
the plane-strain problems, stress and strains, and stress path for plan-strain state, 
respectively.  
As shown in Figure (2.12), the plane-strain conditions which is accompanied with 
the ε2 = 0, occur at Lode angle of θ  = 15-30°.  For triaxial compression triaxial test and 
triaxial extension test, the lode angle is 0° and 30°, respectively (Nakai et al., 1986, 
Nakai, 2007). Figures (2.13) and (2.14) illustrate the failure criterion in deviatoric plane 
and the stress path for plan-strain and triaxial tests, respectively. 
 
 Figure (2.10) Plane-strain problems in geotechnical engineering  
 
Figure (2.11) Plane-strain state: stresses and strains (Bishop, 1966) 
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Figure (2.12) Stress path for different values of θ in true triaxial tests (Nakai, 2007) 
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Figure (2.13) Failure criterion in deviatoric 
plane (Lade and Duncan, 1975) 
Figure (2.14) Stress path: (a) triaxial; 
(b) biaxial test (Sterpi, 2000) 
In several geotechnical field problems the plane-strain data are more appropriate 
to applied than that obtained from triaxial test (Lo et al., 2000). In addition to the fact that 
the state of deformation in several field problems can be approximated closely to plane-
strain problem, strain localization problems in the field can be better understood by 
conducting laboratory tests using plane-strain apparatus (Wanatowski, 2005).  
In 1961, Conforth reported that the traditional triaxial test may still to be the 
favorite test in the commercial laboratories of soil mechanics to determine the soil 
strength parameters. But, in some special areas of soil mechanics practice, a good 
knowledge of the plane-strain state is required and has several applications (Conforth, 
1961).  
The measured value of the intermediate stress in the case of plane-strain 
conditions is of interest. Also, in the applied researches, the conclusion and the design 
procedures will be more valuable to the profession if the soil parameters (which were 
used in the calculations) correspond with the actual strain conditions at the failure. 
Increasing the accuracy of the design will, in practice, reduce the project cost (e.g. 
construction of the earth dams).  
The importance of using the soil strength under plane-strain conditions has been 
highlighted by several researches in stability analysis (Bishop, 1955; Little and Price, 
1958), field measurement of the pore-water pressures (Penman, 1956; conference on Pore 
Pressure and Suction in Soils 1960), and shear strength and strain localization 
characteristics measurements (e.g., Cornforth, 1961; Bishop, 1966; Lee, 1970; Green, 
1971; Marachi et al., 1981; Park and Tatsuoka, 1994, Sterpi, 2000; Hanna, 2001; Alshibli 
et al., 2004; Wanatowski, 2005).  
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Using the shear strength parameter determined from the axisymmetric triaxial test 
results will in most cases lead to a conservative design (Ko and Davison, 1973). But in 
some other cases, the design may not be as conservative as commonly thought. It has 
been reported that the soils tested in the plane-strain state are highly susceptible to 
imperfections. This will lead to material instability or bifurcation, where sudden failure 
can occur much sooner than that observed in the triaxial tests (Lee, 1970; Marachi et al., 
1981; and Peters et al., 1988). 
Strength and deformation parameters of granular materials in plane-strain tests are 
different from those measured in triaxial tests. Dense homogeneous sand tested under 
plane-strain conditions has higher shear strength and smaller strain at failure compared to 
conventional triaxial test results (Lee, 1970; Marachi et al., 1981). The maximum angle 
of friction in triaxial test was φtr = 41o whereas for the same sand and the same porosity 
the angle of friction of 47o was measured in biaxial test by Vardoulakis (1977).  
Several researches (e.g. Cornforth, 1964; Rowe, 1969; Bolton, 1986; Schanz and 
Vermeer, 1996) have observed that a little or no difference is usually observed between 
the angle of the internal friction (φp) in plane-strain and triaxial compression for very 
loose soils. The same observation is for the angle of internal friction at the critical state 
(φcv). This implies that the Mohr–Coulomb hexagon is well suited for very loose soils and 
for critical state conditions (Georgiadis et al., 2004).  
Arthur et al. (1977a) emphasized the importance of Coulomb’s model. They 
stated that even after two hundreds years; the Coulomb’s model (Coulomb, 1776) 
remains a fundamental tool for geotechnical engineers. After the discovery of thin rupture 
layers in landslides and foundation failures, Coulomb’s model was revived and the oldest 
shearing apparatus (i.e., the shear box) remains useful because it induces a thin rupture 
layer within the soil specimen. 
2.3.2   Literature review of plane-strain devices  
2.3.2.1 General 
In the last forty years several plane-strain devices were presented by research 
groups. A trial has been done here to review the plane-strain devices used by several 
research groups.  
In the conventional compression triaxial test, the stress state in the specimen 
shows non-uniform behavior, and the vertical stress values at failure become unreliable. 
In the direct shear test the specimen has kinematical constraints and the specimen is 
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specimen is forced to fail along a predetermined failure plane (Alshibli and Akbas, 2007). 
Saada and Townsend (1981) stated that in the simple shear devices used by Roscoe 
(1953) and Stroud (1971) the deformations were inhomogeneous and it was impossible to 
satisfy kinematical and statical boundary conditions. 
In order to improve the testing conditions and increase the accuracy of the 
measured shear strength parameters, several biaxial devices have been developed. These 
devices were used mainly in the investigation of the shear strength, deformation 
characteristics, and shear banding of saturated or dry soils under plane-strain conditions.  
The failure patterns of granular materials under plane-strain state are different 
from the failure patterns that can be observed in the triaxial test. Under plane-strain 
condition the specimens fail along a well-defined shear plane(s). But in the conventional 
axisymmetric triaxial compression test, either localized shear plane or bulging diffuse 
failure modes occurs depending on the confining pressure and the density of the soil 
specimen (Lee, 1970; Peters et al., 1988).  
Peric et al. (1990, 1992) found, analytically, that the stress states and combination 
of stresses are the utmost important for the localization of deformations in homogenous 
materials. They reported also that the bifurcation instability can not occur in the 
hardening regime under ideal conventional triaxial compression for dilatant materials, 
whereas under plane-strain conditions the bifurcation instability can occur at nearly any 
stage of loading. 
The biaxial shearing tests are more complicated to conduct than triaxial tests 
(Wanatowski and Chu, 2006).These difficulties are mainly related to the need for special 
mold, membrane, accessories, and the preparation of a prismatic soil specimen. The 
particular kinematic conditions imposed by the plane-strain apparatus permit the 
“spontaneous” development of shear bands, which is partially inhibited under 
axisymmetric (triaxial) conditions (Sterpi, 2000).  
 Most of the presented devices have some shortcomings. For instance, in the 
device presented by Topolnicki (1990) it is not possible to observe the formation of the 
shear bands due to the fact that the cell is completely sealed.   
In other devices, the intermediate stress (σ2) can not be measured such as in the 
devices presented by Lee (1970); Desrues (1984); Drescher et al. (1990); Han and 
Vardoulakis (1991); and Alshibli et al. (2004).  
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In other devices such as that proposed by Hanna (2001) and Conforth (1961), the 
intermediate stress (σ2) can be measured but it is not possible to observe the shear 
banding during the test. In the device proposed by Finno et al. (1996, 1997) and 
Wanatowski (2005), these two issues (i.e., the visibility of the shear band and ability of 
measuring the intermediate stress) were taken into account. Wanatowski (2005) used the 
measurements of the intermediate stress (σ2) to determine the onset of shear band.  
The behavior of fine-grained sand in plane-strain conditions has been studied 
intensively by several researchers (e.g., Desrues, 1984; Hammad, 1991; Mokni, 1992; 
Han and Vardoulakis, 1991; Han and Drescher; 1993; and Mochizuki et al., 1993).  
The behavior of clay in plane-strain conditions has been studied by several 
researchers such as Hambly (1972), Drescher et al. (1990), Finno and Rhee (1993), Lo et 
al. (2000), and Fauziah and Nikraz (2007).  
2.3.2.2 Literature review of plane-strain devices for saturated and dry soil testing  
An early plane-strain apparatus was designed at Imperial College, London. The 
details of this apparatus have been presented by Wood (1958). A photograph of the 
device and the specimen at the end of the test are shown in Figure (2.15). In this plane-
strain device, the intermediate stress (i.e., σ2) was measured using the null technique 
similar to that used in measuring the pore-water pressure within soil specimen. Silicon 
grease was used in-between the membrane and the metal plates. This arrangement 
reduced the coefficient of friction to the value of 0.02. Later, the Imperial College 
apparatus was used in subsequent studies (e.g., Conforth, 1961; Wade, 1963; Conforth, 
1961, 1964). 
 Duncan (1966) developed a plane-strain apparatus to test clayey specimens in 
plane-strain conditions. Later, Lee (1970) used this plane-strain apparatus to test circular 
and rectangular specimens of Antioch sand.  
Hambly (1969) studied the plane-strain behavior of the clay using a biaxial 
apparatus at the University of Cambridge. Detailed description of the biaxial apparatus 
was presented by Hambly and Roscoe (1969). Later, Hambly (1972) presented a series of 
biaxial tests on remolded normally consolidated Kaolin. The biaxial apparatus can 
accommodate samples in the form of rectangular prisms of up to 13.5 cm x 13.5 cm x 5 
cm between six rigid platens.  
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                        (a)                                                                      (b) 
Figure (2.15) Imperial college plane-strain apparatus: (a) loading system; (b) specimen 
at the end of the test (specimen is 508 mm long, 406 mm high, and 101mm thick) 
(Wood, 1958; Conforth, 1961) 
Barden et al. (1969) used a plane-strain device to study the stress dilatancy 
behavior in sand. Cubical samples of sand have been tests under plane-strain conditions. 
In this version of plane-strain device the intermediate stress was not measured. Later in 
the consequent modifications a load cell was provided to measure the intermediate stress. 
Arthur et al. (1977a) presented the results of a series of tests on sand under 
different experimental conditions. The aim of the work was to define a new failure 
criterion of granular material. Shear bands orientation was also monitored. In this study 
three different apparatuses were used in this study: the improved shear apparatus (DSA), 
Cambridge simple shear apparatus, and London flexible plane-strain apparatus (FPSA).  
Vardoulakis (1977) outlined a theoretical and experimental analysis of the 
spontaneous shear band formation in the biaxial tests on sand specimens. The biaxial 
apparatus was built depending on some experiences with similar apparatus in the 
University of Karlsruhe, Germany. Figure (2.16) shows the first biaxial apparatus used by 
Vardoulakis (1977) and Vardoulakis et al. (1978).  
In the tests conducted by Vardoulakis (1978) the dimensions of the sample were: 
33 x 80 x 140 mm. The deformation was restricted along the long direction of the cross 
section of the specimen. Vardoulakis and Goldscheider (1981) and Vardoulakis and Graf 
(1985) modified the original biaxial apparatus by using a submersible load cell. In 
addition, lateral displacements were measured in two opposite points of the faces of the 
specimen. Drescher et al. (1990) improved the biaxial apparatus designed by Vardoulakis 
and Goldscheider (1981) by adding a linear bearing platform allowing the free lateral 
displacement of the lower part of the specimen.  
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Figure (2.16) Schematic diagram and specimen arrangement of the biaxial apparatus 
(Vardoulakis, 1977; Vardoulakis et al., 1978) 
Han and Vardoulakis (1991) presented the results of drained and undrained 
biaxial compression tests on saturated sand, focusing on the various soil failure 
phenomena were observed in the tests. A patterned failure mode was illustrated by X-ray 
radiographs. In this biaxial apparatus, the load was measured using load cells at the top 
and the bottom of the specimen.  
Marachi et al. (1981) performed a series of plane-strain tests on Monterey sand of 
different sizes of specimens.  
Finno and Rhee (1993) and Viggiani et al. (1993) used a plane-strain device for 
evaluating the effects of shear banding on the behavior of soft Chicago glacial clays and 
stiff Vallericca clay, respectively.  Harris (1994) used the same plane-strain device in 
studying the localization in loose granular soils and its effect on the undrained strength. 
Harris at al. (1995), in order to record a full field planar deformation, modified the device 
presented by Vardoulakis and Drescher (1988). This device has been also used by Finno 
et al. (1996, 1997).  
Finno et al. (1996, 1997) presented experimental study on the behavior of loose, 
fine grained, saturated sand under undrained conditions in a plane-strain apparatus at 
Northwestern University. This device is similar to that developed by Drescher et al. 
(1990). Together with the local measurements of the boundary forces and deformations, 
the stereophotogrammetry is used to track the progressive localization of strains.  
It can be said that the plane-strain device presented initially by Vardoulakis in 
1977 formed an important basic design of several other subsequent plane-strain devices 
which were used by Vardoulakis’ co-workers or other research groups (e.g., Vardoulakis 
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and Graf, 1985; Vardoulakis and Drescher, 1988; Han and Vardoulakis, 1991; Finno and 
Rhee, 1993; Viggiani et al., 1993, Harris, 1994; Harris at al., 1995; Finno et al., 1996, 
1997; Mooney et al., 1997, Sterpi, 2000; Finno and Rechenmacher, 2003). 
Oda et al. (1978) investigated the anisotropic shear strength of sand in a plane-
strain device. The anisotropic parallel alignment of particles effects the shear strength of 
sand and the changes in the shear strength can be more clearly observed in the plane-
strain test (ε2 = 0) than in symmetric stress condition. In this plane-strain device, the four 
rigid platens were polished and lubricated using two greased rubber membrane to provide 
frictionless sliding surfaces. The specimen was 60 mm high, 80 mm long, and 44 mm 
wide. The intermediate principle stress (σ2) was controlled by null techniques similar to 
that used in measuring pore-water pressure (cf. Wood, 1958; Conforth, 1961).  
The specimen was prepared by filling the former with the dry sand, soaked very 
slowly into the water,  and was then frozen. The cell pressure (σ3) was applied to hold the 
specimen while it was allowed to thaw. In the mean time the intermediate stress (σ2) was 
increased simultaneously with cell pressure and it was about 3 % greater than cell 
pressure to insure a tight contact between the specimen and the two side platens. Figure 
(2.17) shows the plane-strain specimen and the preparation method of the specimen with 
an angle (δ) in the plane-strain tests. 
Freezing method was used in this study and other studies (e.g., Oda et al., 1978) 
for the following two reasons: firstly, it is difficult with conventional circular cross-
section membrane to achieve good contact between the membrane and the inner surface 
of the mould by vacuuming the space between them. Secondly, preparation of samples 
with δ rather than 90° cannot be made using the normal dry air-pluviation method.  
Park and Tatsuoka (1994), using an improved version of the plane-strain 
apparatus that has been used by Tatsuoka et al. (1986), studied the anisotropic and 
deformation of six types of sand. In this study relatively large specimens were prepared. 
The specimen’s height was 200 mm, and the cross section of the specimen was 180 x 80 
mm2. Yoshida et al. (1993, 1995) studied the shear banding phenomenon in eight types of 
sands using this plane-strain apparatus. Specimen’s height was 20 cm and the cross 
section was 160 x 80 mm2 (80 mm in the direction of the minor principle stress σ3).  
Yasin et al. (1999) used the plane-strain compression (PSC) apparatus presented 
by Tatsuoka and Park (1994). In the (PSC) apparatus, the boundaries of σ1 and σ2 are 
rigid and lubricated whereas the boundary of σ3 is flexible.  
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(a)                                                      (b) 
Figure (2.17) The plane-strain specimen (a) geometry and test conditions; (b) the 
method adopted to prepare a specimen with a tilting angle (δ) (Oda et al., 1978) 
Masuda et al. (1999) modified the plane-strain apparatus presented by Park and 
Tatsuoka (1994). The modifications have been done essentially to conduct tests under 
plane-strain extension, cyclic, and compression conditions. In the plane-strain extension 
conditions the lateral confining pressure (the major principle stress σ1) is larger than the 
vertical stress (the minor principle stress σ3), and the intermediate stress (σ2) becomes 
larger than the vertical stress. This stress state cannot be achieved with conventional 
plane-strain apparatus, as only compressive stresses can be applied between the specimen 
and the lateral confining platens. It should be noted here that the plane-strain extension 
tests have been done previously by Duncan and Seed (1966) using a method similar to 
that used by Masuda et al. (1999). 
Shaw (1980) presented a biaxial apparatus developed originally at the British Rail 
Technical Center to study the behavior of granular materials under three dimensional 
stress system. Show and Brown (1988) modified the original biaxial apparatus to study 
the behavior of granular materials under repeated load. The top and the bottom loading 
rams were replaced with a fixed platen containing a load cell. This modification was done 
to impose the plane-strain condition in the vertical direction.  
Desrues (1984) presented a new plane-strain apparatus at the laboratory 3S/IMG, 
Grenoble, France. This biaxial apparatus was improved later in subsequent works (e.g., 
Hammad, 1991; Mokni, 1992; Tillard, 1992). In the original biaxial apparatus the tests 
were performed under low confining pressure, using vacuum inside the specimen and 
atmospheric pressure outside. The tests have been performed on dry specimens of Hostun 
sand. This device has been significantly improved by Hammad (1991) and Mokni (1992) 
with respect to the method of applying the cell pressure. In addition, the volume changes 
system  and the pore-water pressure measurement system were also improved allowing 
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continuous and more accurate volume change measurements throughout the tests on 
saturated sand in drained conditions (Hammad, 1991) and undrained conditions (Mokni, 
1992). The improved version of Grenoble’s biaxial apparatus was used later by Tillard 
(1992), Mokni and Desrues (1999), and Desrues and Viggiani (2004). Mokni and Desrues 
(1999) used this biaxial device to test Hostun sand in plane-strain state under undrained 
conditions. The specimen was 335 x 103 x 35 mm. High slenderness ratio of 3.3 was 
chosen to allow the free development of shear planes away from the end platens.  
It should be noted here that in the Grenoble’s biaxial device, the deformation is 
restricted (ε2 = 0) along the short dimension of the cross section of the specimen. 
Whereas in the biaxial device used in this and other biaxial devices (e.g., Conforth, 1961; 
Vardoulakis, 1978; Oda et al., 1978; Park and Ttasuoka, 1994; Sterpi, 2000; Hanna, 
2001; Alshibli, 2004) the deformation is restricted along the long dimension of the cross 
section of the specimen. Just in two other devices (i.e., Lo et al., 2000; and Fauziah and 
Nikraz, 2007, 2008), the deformation of the specimen was restricted along the small 
dimension of the cross section of specimen. Certainly, the work done in Grenoble is a 
comprehensive research and it needs more discussion in detail. However, this is beyond 
the scope of this thesis. Figure (2.18) shows the plane-strain apparatus developed in 
Grenoble by Desrues and Hammad (1991). 
Allersma (1993) developed a new biaxial apparatus at the Delft University of 
Technology to investigate the long term behavior of clay under different loading paths. 
The biaxial apparatus presented by Allersma (1993) has been used later in several 
researches such as Bizzarri et al. (1995), Bizzarri and Allersma (1998, 2003), and 
Hayashi and Allersma (2004).  
Topolnicki et al. (1990) investigated the stress-strain behavior of saturated, 
remolded clay in a cubical plane-strain apparatus. Both normally consolidated and 
overconsolidated samples were investigated. The biaxial apparatus used in this 
investigation was designed originally by Kuntsche (1982).  
Sterpi (2000) investigated the influence of the laboratory testing conditions on the 
mechanical characterization of sand. Standard triaxial and plane-strain compression tests 
have been done using a new plane-strain apparatus derived from the original device 
designed by Vardoulakis and Drescher (1988). This device is capable of measuring the 
lateral displacements and the intermediate stress. 
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Figure (2.18) The plane-strain apparatus (Desrues and Hammad, 1989) 
 
Lo et al. (2000) developed a biaxial device to study the strain softening and failure 
characteristics of overconsolidated clay. The tests were performed on remolded kaolin 
specimens under drained and undrained conditions. Hanna (2001) carried out an 
experimental investigation of the shear strength of dry sands using triaxial and plane-
strain apparatus.  
Alshibli and Sture (2000) tested three types of sand under plane-strain conditions 
using a new plane-strain device. The tests were performed to investigate the effect of the 
confining pressure, density, and grain size on the constitutive and instability behavior of 
granular material. The deformation of the specimen was recorded using a video camera.  
In this device, the end platen is restrained against rotation and lateral movements.  
Later, Alshibli et al. (2004) presented an improved version of the plane-strain 
device used previously. The design of the Louisiana plane-strain apparatus (LA-PSA) 
took into consideration the geometry configuration for optical measurements and 
instrumentation, tracking of the development of shear band, and the flexibility in altering 
boundary conditions. The (LA-PSA) is provided with a lateral displacement track 
assembly to enable free development and propagation of the shear band.  
Wanatowski (2005) studied the strain softening and instability of sand under 
plane-strain conditions using plane-strain apparatus developed at Nanyang Technological 
University. The test setup in this device is shown in Figure (2.19).  The free end 
technique, described by Rowe and Barden (1964), was used to reduce the boundary 
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friction. Using this device, Wanatowski and Chu (2007, 2007a) studied the coefficient of 
the lateral earth pressure at rest and the static liquefaction of sand under plane-strain state. 
Table (2.2) presents a summary of plane-strain devices presented by several research 
groups. 
 
Figure (2.19) The plane-strain apparatus (Wanatowski, 2005) 
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Table (2.2) Summary of plane-strain devices 
Reference Research group, location 
σ2 
Measurement 
Specimen (mm) 
H x B x Ta 
Movement of 
Bottom end 
platen 
Remarks 
Wood (1958) 
Conforth (1961) 
Imperial college, 
London, UK Yes 102x51x406 No 
Null technique was used to 
measure σ2 
Leussink and Wittke 
(1963) 
Uni. of Karlsruhe, 
Germany Yes 600x1000x200 No Large scale model testing 
Duncan and Seed (1966) 
Lee (1970) 
Uni. of California, 
Berkely, USA 
No 
 
71x71x28 
61x71x28 No  
Campanella and vaid 
(1973) 
Uni. of British 
Columbia, Canada Yes 57x25x100 No  
Hambly (1969, 1972) Uni. of Cambridge, UK Yes 50x70-130x50x70-130 No  
Arthur et al. (1977) Uni. College, London, UK Yes 100x100x100 - 
Cubic sample, top and 
bottom platen are fixed 
Vardoulakis et al. (1978) Uni. of Karlsruhe, Germany No 140x80x34 
Yes 
 
Cell pressure is imposed by 
air 
Desrues (1984) 
Hammad (1991) 
Mokni (1992) 
Laboratorie 3S-IMG, 
Grenoble, France No 
100x100x100 
340x175x35 
Yes 
 
White transparent paraffin 
oil is used as a cell fluid 
Drescher et al. (1990) Uni. of Minnesota, USA No 140x40x80 
Yes 
  
Finno et al. (1997) Northwestern Uni., USA Yes 140x40x80 
Yes 
 
Modification of Drescher et 
al. (1990) 
 
 
 
Chapter 2: Literature review  
 
 28 
 
Table (2.2) (Continued)  
Reference Research group, location σ2 
 Measurement
Specimen (mm) 
H x B x Ta 
Movement of 
Bottom end 
platen 
Remarks 
Tatsuoka et al. (1986, 
1994) 
Yasin et al. (1999) 
Uni. of Tokyo, Japan Yes 105x80x40 140x160x80b 
Yes 
 
Axial strain measured by 
proximity transducers 
Topolonicki et al. (1990) 
 
Uni. of  Karlsruhe, 
Germany No 
45-133x45-
133x50 
Yes 
 
Modification of the 
apparatus of Hambly (1969) 
Lo et al. (2000) National University of Singapore, Singapore No 120x40x120 No  
Sterpi (2000) Technical Uni. of Milan, Italy Yes 140x40x80 
Yes 
 
lateral displacements are 
used to observe shear band 
onset  
Hanna (2001) Concordia Uni., Canada Yes 75x38x92   No  
Alshibli et al. (2004) Louisiana state Uni., USA No 180x120x60 
Yes 
 
lateral displacements are 
used to observe shear band 
onset  
Wanatowski (2005) 
Nanyang 
Technological Uni., 
Singapore 
Yes 180x60x60 Yes  
σ2 measurements are used to 
observe shear band onset  
Nikraz and  Fauziaha 
(2008) 
Curtin Uni. of 
Technology, Australia No 72x72x36 No 
Capable of Testing 
unsaturated clay 
 
(a)The distance between the immovable platen used to impose the plane-strain state. 
(b) Apparatus can accommodate a size range. 
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2.3.2.3 Literature review of plane-strain devices for unsaturated soil testing 
As known to the author, just one device of the proposed devices is capable of 
testing unsaturated soils. Fauziah and Nikraz (2007, 2007a) studied the behavior of 
overconsolidated clay under plane-strain condition using a new developed biaxial 
apparatus. Later, Fauziah and Nikraz (2008) presented tests under plane-strain conditions 
of unsaturated compacted clay. The biaxial apparatus was equipped with high air-entry 
value discs at the interface between the unsaturated soil specimen and the pore-water 
pressure measuring system. The specimen is 72 mm high and the cross section of the 
specimen is 72 x 36 mm2. The specimen is restricted laterally by two rigid Perspex plates 
36.7 mm apart. In this device, the axial load is measured by a submersible load cell. The 
axial displacements of the specimen are measured by an external transducer (LVDT). 
Laser sensors were used to monitor the volume change of the soil skeleton. Figure (2.20) 
shows a photograph of the specimen and a schematic diagram of the biaxial device.  
 
(a) 
 
(b) 
Figure (2.20) Biaxial device: (a) specimen; (b) schematic diagram (Fauziah 
and Nikraz, 2008) 
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2.3.3   Literature review of plane-strain results 
Huge amount of plane-strain results are available in the literature. A trial is made 
here to present some results of plane-strain tests. In the following sections, the results 
concerning the shear strength and strain localization (shear banding) will be presented. 
2.3.3.1 Literature review of plane-strain results concerning shear strength   
Conforth (1961) presented a comparison of the failure characteristics of the plane-
strain and triaxial compression tests in which the cell pressure was kept constant as shown 
in Figure (2.21). He concluded that the measured drained shear strength under plane-
strain conditions is always higher than in the triaxial tests, and that the triaxial specimens 
have a greater positive volume change (dilation) at failure. The volume change curves in 
the triaxial and plane-strain tests tend to converge at the looser densities. In addition, the 
axial strain at failure in the triaxial test is almost three times higher than that in plane-
strain tests for the same density. 
Lee (1970) performed a series of plane-strain and triaxial tests on sand in both 
drained and undrained conditions. He reported that the specimen under plane-strain 
conditions reaches a higher value of maximum principal stress ratio than that in triaxial 
compression test. This difference decreases as the density decreases. His results showed 
that the plane-strain specimens fail at smaller axial strain compared to triaxial test 
specimens. He concluded that for dense specimens the difference between the plane-strain 
and triaxial compression tests is the greatest for low confining pressure, and the 
difference decreases as the confining pressure increases.  
The importance of using side walls to attain the plane-strain conditions was also 
studied by Lee (1970) by testing three specimens, cylindrical, rectangular, and rectangular 
with side plates. He confirmed the importance of using the side plates to impose the 
plane-strain conditions. He presented the variations of the initial tangent modulus, E, and 
Poisson’s ratio, v, for Antioch sand tested in plane-strain and triaxial tests as shown in 
Figure (2.22).  
The same behavior was observed in a series of plane-strain and conventional 
triaxial compression tests reported by Marachi et al. (1981). The comparisons between the 
plane-strain and triaxial tests are shown in Figures (2.23) and (2.24).  
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Figure (2.21) Plane-strain versus triaxial failure characteristics (Conforth, 1961) 
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Figure (2.22) Plane-strain versus triaxial: variation of tangent modulus and Poisson’s 
ratio (Lee, 1970) 
 
Figure (2.23) Plane-strain test versus triaxial test (Marachi et al., 1981) 
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Figure (2.24) Axial strain at failure in biaxial and triaxial tests (Marachi et al., 1981) 
 
Figure (2.25) Variation of the angle of shearing resistance with the intermediate 
principle stress for standard Leighton sand for σ`3 = 42 kN/m2 (Arthur et al., 1977a) 
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 Figure (2.25) shows the variation of shearing angle with the intermediate principle 
stress of standard Leighton sand in the flexible biaxial cell (FBC) presented by Arthur et 
al. (1977a). The effect of the intermediate principle stress (σ`2) is presented using the 
variable b defined by Bishop (1966). The variable b varies from zero to unity. b is zero in 
the triaxial compression test and it is one in the triaxial extension test.  
( ) ( )3132 ´´´´ σσσσ −−=b                                                                                            (2.5) 
 
The dependency of the internal angle of friction on the confining pressure in the 
plane-strain compression tests was studied by Tatsuoka et al. (1986a, 1991). The 
relationship between the angle of friction with confining pressure of dry Toyoura sand is 
presented in Figure (2.26). 
The anisotropy in sand (effect of bedding angle) under plane-strain conditions was 
investigated in several researches (e.g., Oda et al., 1978; Tatsouka et al., 1986; Park and 
Tatsuoka, 1994). Oda et al. (1978) investigated the anisotropy in Toyoura sand in plane-
strain conditions. They conducted plane-strain tests on Toyoura sand with different angles 
of bedding (tilting) (δ).  The maximum and minimum deviator stress were measured at 
δ = 90º and δ = 15º, respectively. In addition, measuring the intermediate principle stress 
(σ2) showed that the intermediate principle stress gradually increases upon reaching peak 
point then it decreases as shown in Figure (2.27).  
 
Figure (2.26) The effect of the pressure level on the angle of internal friction of 
Toyoura sand in plane-strain compression tests (Tatsuoka et al. 1986a, 1991) 
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Figure (2.27) The effect of bedding angle (δ) on the intermediate stress (σ2) (Oda et 
al., 1978) 
 
Figure (2.28) Mohr’s failure envelops in the plane-strain and triaxial compression 
tests (Oda et al., 1978) 
The hatched and solid areas in Figure (2.28) were determined for two boundary 
values of the tilting angle. The upper failure line of the hatched area refers plane-strain 
tests with δ = 90°, whereas the lower line is for δ = 24°. The solid area is for the triaxial 
tests with tilting angle 0° to 90°. It can be concluded that the shear strength of sand in the 
plane-strain tests is higher than in the triaxial compression tests in limited range of tilting 
angle. When the tilting angle (δ) is in the range 0°-30°; the triaxial test may gives higher 
shear stress than the plane-strain compression test (Oda et al., 1978). 
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2.3.3.2 Literature review of plane-strain results concerning shear banding   
In addition to investigating the anisotropy effect on the shear strength of sands in 
plane-strain conditions; the strain localization was also investigated by Prof. Tatsuoka and 
his co-workers in several works (e.g., Tatsuoka et al., 1986; Tatsuoka et al., 1990; 
Yoshida et al., 1993; Yoshida and Tatsuoka, 1997). The deformation characteristics of the 
shear band have an important effect on the mechanism of the failing soil mass such as in 
bearing capacity problems. The void ratio inside shear band is much higher than the 
average void ratio. Assuming that the thickness of the shear zone is zero overly simplify 
the actual behavior of real soils (Tatsuoka, 2000). 
Vardoulakis et al. (1978) studied the shear bands in sand as a bifurcation problem 
and proposed an equilibrium theory of shear bands in sand bodies. The proposed model 
was verified using the results of plane-strain tests carried out on Karlsruhe sand in various 
loading types. Two types of loading system were adopted in the study of Vardoulakis et 
al. (1978). The first with clamped loading piston, the second is with hinged piston as it is 
illustrated in Figure (2.29). They reported that the horizontal movement started at the 
peak point, and the shear band is visible on the free faces of the specimen after 0.5-1.0 
mm horizontal displacement. Vardoulakis et al. (1978) stated concerning to shear band 
orientation that laboratory tests are extremely sensitive to the boundary conditions and 
loose samples are more sensitive than dense ones.  
Almost over the last three decades, an extensive program of tests on sand has been 
carried out in Grenoble. Different types of plane-strain compression tests were performed 
by changing the materials used (type, size of grains), the mean effective stress, the void 
ratio, the drainage conditions, the boundary conditions, the rate of loading, and the 
specimen slenderness.  
 
Figure (2.29) Loading cap: (a) clamped; (b) hinged (Vardoulakis et al., 1978) 
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Figure (2.30) Shear band orientation versus confining pressure for dense and loose 
specimens (Desrues and Hammad, 1989; Hammad, 1991) 
 Desrues and Viggiani (2004) presented an overview of the experimental results 
obtained from the drained plane-strain compression tests in Grenoble using 
sterophotogrammetry. Desrues and Viggiani (2004) stated that a general statement can be 
made that for given sand that the width of the shear band decreases as the confining 
pressure and the initial density increases.  
Viggiani et al. (2001) reported that there is no relationship between the mean size 
of the sand and the orientation of the shear band. In addition, it is not possible to relate the 
shear band orientation to the uniformity of the sand grading. In other word, the 
microstructure is a key factor and its influence on shear banding can not be simply 
described using grain size distribution (Desrues and Viggiani, 2004). 
Figure (2.30) shows the shear band orientation versus the confining pressure for 
the dense and loose specimen in plane-strain tests in drained conditions from the tests 
done in Grenoble. The angles of the shear bands have been measured (in respect to the 
direction of the major principle stress) from the first available photograph on which the 
band is visible. Hammad (1991) concluded from the tests performed by changing the 
mean effective stress and the initial void ratio that dense and loose sand specimens 
showed shear banding and the orientations of the shear bands depend on the initial void 
ratio and on the mean effective stress.  
  
335 mm
35 mm
103 mm
σ2
σ3 
σ1
ε2 = 0
θb
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Mokni (1992) in his doctoral work performed plane-strain tests in undrained 
conditions on Hostun sand, these results have been presented later by Desrues (1995) and 
Mokni and Desrues (1999). Strain-stress curves for undrained and drained biaxial tests  
showed some differences between the drained and undrained behavior and the following 
remarks were obtained: (1) Strain localization occurs in both drained and undrained 
plane-strain tests. (2) Strain localization in drained tests occurs at axial strain much lower 
than in undrained test. (3) The effective stress ratio in drained test is higher than in 
undrained test. (4) The changes in pore-water pressure (in undrained test) and volume 
changes (in drained test) stop after localization. (5) The friction angle at the start of 
residual state in drained test is higher than in undrained test. 
Finno et al. (1996) studied the strain localization and undrained steady state of 
sand by testing loose and very loose, fine-grained, saturated sand in a plane-strain 
apparatus. Steady state of deformation is the state in which the mass is continuously 
deforming at constant volume, constant normal effective stress, constant shear stress, and 
constant rate of shear strain as defined by Poulos et al. (1985). 
Finno et al. (1996) reported that the angle of shear band inclination (in respect to 
the direction of the minor principle stress) varies from 55° to 65° for all undrained tests 
performed, whereas the Coulomb orientation (π/4+φ`/2) varies from 61° to 63.5°. Finno et 
al. (1997) clarified that the orientation angle of the shear band to the vertical increases an 
average of 3° as strain progresses in the band and the thickness of the first band varies 
from 10 to 25 times the mean grain diameter.  
Alshibli and Sture (2000) presented the results of series of plane-strain 
compression tests on three types of sand (fine, F; medium, M; and coarse, C). The 
measured shear band orientations by Alshibli and Sture (2000) together with other 
experimental measurements cited in the literature are presented in Figure (2.31). It is 
clearly shown that the experimentally measured orientation of shear band are scattered. It 
is difficult to conclude a trend (increasing or decreasing) with the applied confining 
pressure. The measurements reported by Vardoulakis (1980) are scattered and it can be 
concluded that for low confining pressures (lower than 100 kPa) the measured θ increases 
with the increasing of the confining pressure.  
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Figure (2.31) Shear band angle versus confining pressure (Alshibli and Sture, 2000) 
The results of Alshibli and Sture (2000) showed that (at confining pressure lower 
than 100 kPa) θ increases or does not change for the F-sand. But for the M-sand and C-
sand the measured θ decreases as the confining pressure increases. The onset of the shear 
band was determined by locating the point in which the readings of the three horizontal 
LVDTs start to deviate. The orientation of the shear band was measured at the onset of 
shear band. The inclination of the band changed as the compression proceeds due to the 
change in the specimen height (Alshibli and Sture, 2000). This coincides with the 
observations reported by Finno et al. (1996, 1997). 
Sterpi (2000) presented the measurement of the lateral displacement of sand 
specimen tested under plane-strain conditions. The measurements of the lateral 
displacements of the specimen in different points showed that upon reaching the peak no 
further displacement were recorded by the transducer mounted at the upper portion of the 
specimen. Beyond peak condition, the deformation can be considered as a rigid 
movement between two portions of the sample that slide along the shear band. 
Oda and Kazama (1998) reported the observation of extremely large voids in the 
shear band. They noticed from X-ray photographs of the specimens tested in plane-strain 
conditions that the shear bands are not exactly straight, but gently curved with variation 
of the inclination angle with respect to the principal stress direction as it illustrated in 
Figure (2.32). As reported by Vermeer (1990) the inclination angle of the shear band 
depends sensitively on some boundary conditions. 
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Figure (2.32) Sketches of the X-ray images (a) Toyoura sand; (b) Ticino sand (Oda 
and Kazama, 1998). 
 
Mokni (1992) indicated that the thickness of the shear band of Hostun sand tested 
in plane-strain conditions depends on the mean size of the sand. The experimental 
observation of Roscoe (1970) showed that the shear band thickness is 20d50. Batiste et al. 
(2004), in study on F-75 Ottawa sand in triaxial test, reported the thickness of the shear 
band in the range 8.33 d50 to 16.68 d50. 
Vardoulakis and Graf (1985) used X-ray photographs of shear bands in fine and 
medium grained sand specimens tested under plane-strain conditions to determine the 
thickness of shear band. They concluded that the shear band thickness is about 16 times 
the mean grain diameter; their finding was also supported in the theoretical predictions 
presented by Muehlhaus and Vardoulakis (1987). Vardoulakis and Aifantis (1991) found 
that the thickness of the shear band is about 20d50. 
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2.4 Strain localization in Granular material  
Several theoretical and numerical methods were presented to study the shear 
bands formation and the strain localization in granular materials. Such as the theory of 
bifurcation, the Cosserat theory, and strain gradient theories.  
The theory of bifurcation was used to investigate the failure modes in frictional 
and cohesive materials. In the theory of bifurcation, the continuum splits into three 
regions at the beginning of the strain localization; the localization zone (shear band), and 
two continua (blocks). 
Strain localization has been extensively investigated in the last three decades  
(e.g., Vardoulakis, 1979, 1980, 1981, 1983; Vardoulakis and Aifantis,  1991; Vardoulakis 
and Sulem,1995; Mühlhaus and Vardoulakis, 1987; Mühlhaus et al., 2001; Gudehus, 
1996; Gudehus and Nübel, 2004; Tejchman and Wu, 1996; Tejchman et al., 1999; 
Tejchman and Gudehus, 2001; Alshibli and Sture, 1999 , 2000; Oda et al., 1997, 1998, 
1999; Saada et al.,1999; Desrues et al., 1989, 1996; Desrues and Mokni,1999; Desrues 
1998; Finno et al., 1997; Han and Drescher, 1993; Vermeer, 1982; Voyiadjis and Song, 
2002). 
The theory of strain localization was firstly proposed by Hadamard (1903) and 
later developed by, Hill (1962), Mandel (1965), and Rice (1976). This theory was used to 
predict the orientation of shear bands in different types of materials (Rudnicki and Rice, 
1975; Rice and Rudnicki, 1980; Vardoulakis, 1979, 1980, 1981, 1988, 1989; Molenkamp, 
1985; Peric 1990). The first international workshop on "Localization of Soils" was held in 
Karlsruhe, Germany in 1988 (University of Karlsruhe, special issue, 1988) and the second 
was held in Gdansk, Poland in 1989 (Dembicki et al., eds., 1989). The further 
developments in both numerical aspects and experimental studies were presented at 
subsequent international workshops held in Grenoble, France 1993 (Adachi et al., eds., 
1998); Gifu, Japan 1997 (Chambon et al., eds., 1994); Perth, Australia 1999 (Muehlhaus 
et al., eds., 2001); Minnesota, U.S.A. 2002 (Labuz and Drescher, eds., 2003); Chania, 
Greece 2005 (Nicot et al., eds., 2005). 
When soil is sheared, the shear strains usually localize into narrow intensive 
shearing zones. These shearing zones normally called shear bands and are generally 
described by their thickness and angle. Shear band is the thin layer of the material in 
which large shearing deformations occur resulting in localized failure (Lo et al., 2000).  
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The shear band in sand is visible and the thickness is about 15 times the particle 
size, whereas in clay the shear band thickness is invisible and the shear band is viewed as 
a slip line (Vermeer, 1990). 
Papamichos and Vardoulakis (1995) categorized the factors influencing the shear 
band formation in granular materials as follows: porosity of the medium, stress induced or 
inherent anisotropy of the medium, grain size and grain shape, and confining pressure. 
Regarding grain size effect on shear band orientation, Vermeer (1990) presented a 
comprehensive analysis in a theoretical study on the effect of grain size. Vardoulakis 
(1977) and Desrues et al. (1991) have shown in their experimental studies that the angle 
of shear band inclination decreases with increasing grain size and angularity, whereas the 
corresponding shear strain increases.  
The influence of confining pressure has been studied experimentally by several 
researchers such as Hammad (1991) using Hostun sand and Han (1991) using Ottawa 
sand. Han (1991) presented a theoretical analysis depending on flow and deformation 
theories. The comparison with the experimental findings regarding the effect of the 
confining pressure on the shear band orientation showed significant differences, this 
demonstrated also the deficiency of the ordinary flow theory of plasticity.   
Wanatowski and Chu (2005) reported that no shear bands were observed in very 
loose specimens. Concerning to the formation of shear bands in loose sand, the results 
presented by Wanatowski (2005) agree with the results presented by Han and Vardoulakis 
(1991), but; it disagree with the results of the current study, the results of Desrues and 
Hammad (1991), and Mokni (1992). In addition, Finno et al. (1996, 1997) reported that 
the strain localization has developed in loose specimens under both drained and undrained 
conditions.  
 The formation of the shear bands under plane-strain conditions is affected by the 
type of plane-strain device and the boundary conditions as reported by Yasin et al. (1999). 
2.4.1   Angle of shear band inclination  
 Two classical solutions for shear band inclination in frictional materials under 
plane-strain conditions are referred to as Mohr-Coulomb and Roscoe (1970) solutions.  
Shear banding was observed very early by Coulomb (1776). In Mohr-Coulomb 
solution (static solution) the shear band inclination angle (θc) is calculated as follow: 
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45( fC
φθ += o                                                                                                              (2.6) 
where θc  is the angle of the shear band inclination measured from the direction of minor 
principal effective stress, and φf is the effective angle of internal friction at failure. Only 
one static constitutive parameter (φf) is contained in Equation (2.6), and no deformation 
variables or parameters appear (Alshibli and Akbas, 2007). The angle of internal friction 
for cohesionless soils is defined as: 
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where σ1 = the major principle stress and σ3 = the minor principle stress.  
Using the centrifuge technique, Roscoe (1970) introduced the dilatancy effect on 
the angle of shear band inclination. The shear band inclination angle according to this 
solution is presented as: 
)
2
45( fr
ψθ += o                                                                                                              (2.8) 
 
 
where ψ f is the angle of dilation at failure (in plane-strain conditions) and ε1 and ε3 are 
the major and minor principle strain, respectively. The dot indicates rate of strain, and (p) 
indicates to plastic strain.  
According to experimental evidence in several researches the difference between 
the dilatancy angle and the internal friction angle is <30° (Bolton, 1986; Vardoulakis and 
Graf, 1985; and Tatsuoka et al., 1986, 1990). The difference between the dilatancy angle 
(ψ) and friction angle (φ) is about 30 degrees; this gives a significant differences in 
estimating shear band orientation using Coulomb’s or Roscoe’s solutions. It should be 
noted that experimental measurement of shear band orientation in several studies give 
evidence for both Coulomb’s solution and Roscoe’s solution (Vermeer, 1990). 
Arthur et al. (1977) obtained the following empirical equation from experimental 
observations: 
)](
4
145[ ffa ψϕθ ++= o                                                                                             (2.10) 
The empirical equation proposed by Arthur et al. (1977) defining the inclination 
of shear bands was analytically derived by Vardoulakis in 1980. He extended the 
bifurcation analysis of Hill and Hutchinson (1974) to sands. 
pp
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Vermeer (1982) presented an expression for the shear band inclination angle using 
a compliance approach as follow: 
hh
hh
ψφ
ψφθ
sinsin2
sinsin2
tan2 −−
++=                                                                                         (2.12) 
where θ = angle between the minor principle stress direction and the shear band. The 
subscript h indicates that the angle of internal friction (φh) and the angle of dilation (ψh) 
depend on the degree of hardening.   
The angles of shear band inclination are sensitive to the boundary conditions, and 
the loose specimens are more sensitive than the dense ones (Vardoulakis, 1978). The 
shear band inclination angle for loose saturated sand under both drained and undrained 
conditions lies between the Coulomb and Arthur solutions as reported by Finno et al. 
(1997). Coulomb’s solution implies non-rotating stress axes; Roscoe's solutions represent 
co-rotating stress and strain increment axes during failure. Coulomb's inclination means 
that a thin deforming layer is separating two rigid bodies, and the strain increment and 
stress are non-coaxial, whereas Roscoe's inclination implies that this thin deforming layer 
is separating two deforming bodies, but inside the shear band the strain increment and 
stress are coaxial at peak (Vardoulakis et al., 1987). 
Bardet (1991) reported that the disagreement between the predicted and measured 
shear band inclination angles can be attributed mainly to the experimental errors in 
evaluating dilatancy angle (ψ) and friction angle (φ) and delayed localization. In addition, 
this scattering of results comes from the variability of the dilatancy and friction angles 
within the sand specimen.  
It is of interest to present briefly the concept of the delayed localization as an 
explanation of the scattering of the experimental results presented by Desrues (1984). 
Bardet (1991) stated that the shear bands emerged in the strain-hardening regime need 
additional energy for their development. The shear bands in granular materials do not 
grow spontaneously as in strain-softening rocks. The emergence of the shear bands is 
difficult to be observed using conventional methods, but; it needs sophisticated 
techniques such as those used by Desrues (1984). It can be noticed that shear banding can 
be noticeable only in advanced stage of loading (Bardet, 1991). 
Most researches focused on the measuring or predicting the shear band inclination 
angle. The measured shear band inclination angles were compared to the classical 
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solutions (i.e. Mohr-Coulomb or Roscoe). Fewer studies investigated the thickness of the 
shear bands; this may be due to the difficulty of experimentally measuring the thickness 
of the shear band. In addition, classical theories of soil plasticity fail to predict the shear 
band thickness.  
2.4.2   Thickness of shear band   
Shear band thickness determination methods can be divided mainly into two 
categories, i.e., theoretical and experimental methods.  
   Theoretical derivations: in which the flow and deformation theories of plasticity are 
used. Muehlhaus and Vardoulakis (1987) reported that the thickness of the shear band is 
about 16d50. Later, Vardoulakis and Aifantis (1991) using flow rule and the theory of 
plasticity reported 20d50 as a thickness of the shear band. Alshibli et al. (2006) using 
Cosserat theory, predicted the thickness of the shear band. They found it to vary from 
10d50 to 15d50 depending on specimen density, confining pressure, shape, size of 
particles, and sphericity. 
    Experimental observations: X-ray techniques have been used to measure the thickness 
of the shear band in several researches (Roscoe, 1970; Scarpelli and Wood, 1982; Han 
and Vardoulakis, 1991; Oda and Kazama, 1998). Other techniques have been used such 
as Laser techniques (Tatsuoka et al. 1990), Tomography (Mokni, 1992), and 
stereophotographic techniques (Desrues et al., 1985; Mokni, 1992; Yoshida et al., 1995)  
Some studies gave emphasis on the internal measurement techniques to measure 
the displacements and volume changes in the shear band. Scarpelli and wood (1982) and 
Han and Vardoulakis (1991) used the X-ray radiographs. The laser techniques have been 
used by Tatsuoka et al. (1990). Desrues et al. (1985), Mokni (1992), Yoshida et al. 
(1995), and Finno et al. (1996) used the tomography and the stereophotographic 
techniques. Finno et al. (1997) measured the local deformation using two methods, 
stereophotographic (e.g., Moony et al. 1997) and digital image correlation (DIC) 
techniques.  
The experimental measurement of the shear band is very useful for better 
understanding the localization mechanism in granular materials during shear, and to give 
additional data that help in calibrating theoretical models to predict shear band thickness 
(Alshibli and Hassan, 2008).  
Theoretical and numerical studies (Vardoulakis and Sulem 1995) and several 
experimental investigations (Desrues et al., 1996; Finno at al., 1997; Saada et al., 1999; 
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Desrues and Viggiani, 2000) have provided important data concerning shear band width, 
orientation, pattern of formation and evolution. These researches studied the influence of 
the stress, density, and specimen’s geometry (size and slenderness) on the strain 
localization. There is also experimental evidence showing that the strain localization in 
granular soils depends on the microstructure. The differences in the localization 
characteristics of different sands tested under a given state and loading path can not be 
explained in terms of macroscopic state variables (i.e. void ratio and stress state only).  
The macroscopic mechanical behavior of the granular soils depends on the nature 
and evolution of the antiparticle contacts through which the stresses are transmitted 
(Allersma, 1987; Calvetti et al., 1997; Dantu, 1967; Oger, 1987). Viggiani et al. (2001) 
and Desrues and Viggiani (2004) concluded from their experimental work that the 
influence of the microstructure parameters such as the shape and angularity of grains and 
the grain size distribution on the shear banding has still to be established; and it is 
difficult to find a relationship between the orientation of a shear band and the mean 
particle size or the degree of uniformity of sand in a simple way.  
2.5 Summary  
The literature review presented in chapter 2 shows that strain localization in 
granular material and unsaturated soil testing are among the most active research area in 
geotechnical engineering. In addition, this review shows the need for plane-strain device 
for unsaturated soil testing that most experimental studies using plane-strain devices have 
been conducted on dry or saturated soil. Therefore, more experimental studies on 
unsaturated soil under plane-strain conditions are required for better understanding of 
unsaturated soil behavior. 
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CHAPTER 3 
MATERIAL USED AND EXPERIMENTAL PROGRAM 
3.1 General 
 
This chapter presents the basic properties of the materials used in this study. In 
addition, the experimental program adopted in this study is presented here. Two materials 
were used in this study. In the tests performed in the new double-wall biaxial device and 
in the bearing capacity tests Hostun sand was used. For the validation’s tests of the 
concept of the stress state variables using the new biaxial device and investigating the 
effect of the fine content on the soil water characteristic curves, mixtures of Hostun sand 
and Spergauer kaolin has been used. 
3.2      Basic properties of the materials used  
Hostun Sand is reference sand well known in the researches (Desrues, 1984; 
Hammad, 1991; Mokni, 1992; Flavigny et al., 1990; Di Prisco and Imposimato, 1996; 
Tatsuoka et al., 1997; Shahrour and Rezaie, 1997; Schanz, 1998; Foray et al., 1998; Lins 
and Schanz, 2003; De Genaro et al., 2004; Lancelot et al., 2006; Bouferra et al., 2007). 
Hostun sand is originally obtained from a place called Hostun in the area of Drôme in 
France. The colour of Hostun sand may vary between the grey-white and rosy-beige. The 
chemical components consist of high siliceous amount (SiO2 > 98%) and the grain shape 
varies from angular to sub-angular (Amat, 2007). 
 Hostun Sand is poorly-graded sand with grain sizes range from 0.1 mm to 1.0 
mm in diameter. It is classified as (SP) in the unified soil classification system (USCS).  
The Spergauer kaolin is obtained from Germany and having a liquid limit of 
53.4% and plastic limit of 32.3% is classified in (USCS) as a (CH). 
Investigating the basic properties of the used material included the determination 
of specific gravity, plastic and liquid limits, grain-size distribution, and compaction 
characteristics. The tests were performed based on ASTM standard (ASTM, 1995) and 
DIN standards (DIN, 1987).  
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Determination of the specific gravity of the soils have been done according to the 
DIN standards DIN 18124KP (DIN, 1987). The average specific gravity values were 2.65 
and 2.62 for Hostun sand and Spergauer kaolin, respectively. 
The grain size distribution for the Spergauer kaolin was investigated using 
sedimentation method according to DIN 18123-7 (DIN, 1987). Sodium Pyrophosphate 
was used as dispersing solution during the test. The amount of the clay (i.e., smaller than 
0.002 mm) as it is shown in Figure (3.1) is 58%. Whereas for Hostun sand, the 
conventional sieve analysis method was used. The grain size distribution curves of 
Hostun sand and Spergauer kaolin are shown in Figure (3.1). 
 The liquid limit and plastic limit tests of Spergauer kaolin were performed 
according to DIN 18 122 (DIN, 1987). The liquid limit and the plastic limit obtained from 
the experiments were 53.4 % and 32.3 %, respectively. 
The standard compaction tests were conducted according to the ASTM standards. 
Figure (3.2) shows the standard compaction curves for Hostun sand, Spergauer kaolin, 
and the three mixtures. The basic classification properties of Huston sand and Spergauer 
kaolin are summarized in Tables (3.1) and (3.2), respectively. The percentages (on a dry 
mass basis) of the Spergauer kaolin in the mixtures are summarized in Table (3.3). 
Table (3.1) Basic properties of Hostun sand  
Property Value 
Specific gravity (-) 2.65 
d10 (mm) 0.21 
d30  (mm) 0.29 
d50  (mm) 0.36 
cu 1.72 
cc 1.05 
Classification (USCS) SP 
 
Table (3.2) Basic properties of Spergauer kaolin 
Property Value 
Specific gravity (-) 2.62 
Liquid limit (%) 53.4 
Plastic limit (%) 32.3  
Plasticity index (%) 21.1  
Classification (USCS) CL 
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Table (3.3) Mixtures used in the study 
Mixture  A B C 
Spergauer kaolin (%) 5 10 30 
Hostun sand (%) 95 90 70 
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Figure (3.1) Grain size distribution of Hostun sand and Spergauer kaolin 
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Figure (3.2)  Standard proctor compaction curves of the material used 
3.3 Experimental program 
The laboratory program consists of investigating the mechanical behaviour (shear 
strength and volume change behaviour) for dry, saturated, and unsaturated Hostun sand 
using the new double-wall biaxial device. Additionally the influence of the applied matric 
suction on the ultimate bearing capacity of surface strip model footing on unsaturated 
dense Hostun sand was studied by performing a set of bearing capacity tests on strip 
footing located on the surface of the sand mass. The effect of the fine content (i.e., kaolin) 
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on the parameters of the soil water characteristic curve was investigated by determining 
the soil water characteristic curves of the sand, kaolin, and three sand-kaolin mixtures. 
3.3.1   Experimental program for biaxial tests 
In all biaxial tests, the specimens after being consolidated were sheared under 
drained condition. The pore-water and pore-air phases were allowed to drain in/out of the 
specimen and in the pore pressures were controlled to be constant by mean of air pressure 
controllers. The specimens were axially compressed by 0.002 mm/sec (i.e., strain rate of 
1.6 x 10-5 %/sec), the low strain rate is vital to ensure the dissipation of induced pore 
pressures during the compression stage (Fredlund and Rahardjo, 1993). 
The testing program of biaxial tests is mainly divided into two main parts: 
1. Biaxial drained compression tests on the dry Hostun sand: The influence of the initial 
void ratio on the behaviour was examined by testing the sand under two different 
initial conditions (loose specimen e0 = 0.89 and dense specimen e0 = 0.66). 
2. Biaxial drained compression tests on saturated and unsaturated dense sand (e0 = 
0.66). Three sets of tests were performed, namely B10, B50, and B100. In each set, 
the net confining pressure (σ3-ua) was kept constant and the matric suction (ua-uw) 
was changed to study the effect of the matric suction on the shear strength and 
volume change behaviour of the unsaturated specimens. The applied matric suction in 
the consolidation and compression stages was kept constant by controlling the pore-
water pressure (uw) and pore-air pressure (ua). 
Table (3.4) summarizes the net confining pressures in the tests performed on dry 
Hostun sand in loose and dense states. Table (3.5) summarizes the stresses (i.e., the net 
confining pressure and matric suction) in the tests on unsaturated sand.  
Table (3.4) Summary of biaxial tests performed on dry sand 
Dense Hostun sand 
(e0 = 0.66) 
Loose Hostun sand 
(e0 = 0.89) 
Confining pressure (kPa) 
5 50 
15 100 
50 150 
100  
300  
400  
600  
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3.3.2   Experimental program for bearing capacity tests  
The bearing capacity tests were performed to investigate the effect of the applied 
matric suction on the ultimate bearing capacity of strip footing on unsaturated Hostun 
sand. Bearing capacity tests on saturated and unsaturated dense sand (e0 = 0.66) have 
been performed. Table (3.6) summarizes the bearing capacity tests have been performed 
in this study on dense sand. 
In the bearing capacity tests, the loading speed was chosen to be equal to 0.002 
mm/sec .This is for the sake of compatibility with the biaxial tests and to ensure that no 
significant changes may occur during the loading stage in the bearing capacity test. In 
addition, the suction was monitored during the loading stage as mentioned in detail in 
Chapter 5. 
3.3.3  Experimental program for determination of SWCCs 
The soil water characteristic curves for Hostun sand, kaolin, and three mixtures, 
as summarized in Table (3.3), were determined using different devices and techniques as 
it will be presented in detail in chapter 4. 
Table (3.5) Summary of the stresses in biaxial tests on dense unsaturated sand 
Set Net confining  pressure 
(σ3 - ua) (kPa) 
Matric suction (ua - uw) (kPa) 
B10 10 0 2 3 4 8 20 
B50 50 0 2 3 4 8 20 
B100 100 0 2 3 4 8 20 
 
Table (3.6) Summary of bearing capacity tests on dense unsaturated sand 
Applied matric suction (kPa) 0 1.5 2.1 5 8 20 
As prepared condition (e0, sat. /dry) 0.66 
/sat. 
0.66 
/sat. 
0.66 
/sat. 
0.66 
/sat. 
0.66 
/sat. 
0.66 
/sat. 
Loading Speed (mm/sec) 0.002 0.002 0.002 0.002 0.002 0.002 
Height of sand in the box (mm) 350 350 350 350 350 350 
Dimensions of the footing (mm) 
Length, Width 
 
500, 80 
Dimensions of the box (mm) 
Length, Width, Height  
 
1000, 505, 500 
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3.4 Summary 
The basic properties of the materials used in this study were presented. Hostun 
sand and Spergauer kaolin have been used in this study. Huston sand has a mean grain 
size d50 = 0.36 mm and specific gravity of 2.65.  Spergauer kaolin has liquid and plastic 
limits of 53.4% and 32.3% respectively. Three sand-kaolin mixture were used in this 
study in the determination of soil water characteristic curves (SWCCs) (i.e., A: 5% 
kaolin, B: 10% kaolin, and C: 30% kaolin). In addition, the experimental programs of the 
tests carried out in this study were presented.  
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CHAPTER 4 
EXPERIMENTAL TECHNIQUES AND PROCEDURES  
4.1 General   
 This chapter presents the experimental techniques and procedures adopted in this 
study. The new double-wall biaxial device is described in detail. Sample preparation, 
testing procedure, and the required calibrations of the system components are presented. 
In additions, the devices and techniques used in determination of water soil characteristic 
curves (SWCCs) and in bearing capacity tests are presented as well. 
4.2 The new double-wall biaxial device  
 The new device consists of two cells (i.e., the outer and inner cell), base platen and 
top cap equipped with porous and ceramic discs. The required connections and valves are 
provided to facilitate the application of the inner and outer cell pressures, pore-air 
pressure, and pore-water pressure. All data, such as volume changes, applied load, and 
vertical displacement, are collected by a data logger connected to a computer. 
 In the new system, the inner cell (in which the specimen is mounted) is placed 
inside another cell (double-wall system). Figure (4.1) shows the principle of the double-
wall cell. As shown in the figure, the cell pressure is applied equally inside and outside 
the inner cell. 
 
Figure (4.1) The concept of double-wall cell  
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4.2.1   Sample description   
The rectangular (prismatic) soil specimen is 120 mm high, 100 wide, and 40 mm 
thick. The deformation is restricted (ε2 = 0) along the long dimension of the cross section 
by two immovable side steel platens (i.e., the specimen has a constant wide of 100 mm). 
Figure (4.2) shows the geometry of the specimen and deformation conditions. The 
slenderness ratio is defined as the ratio of the height of the specimen to the dimension in 
which the specimen is free to deform. In this study, the slenderness ratio is 120/40 = 3. 
The high slenderness ratio was chosen to allow free formation of shear band without 
reflecting on the end platens. Desrues (1995) observed for specimens with slenderness 
ratio of 2 that the shear band reflected to the end platen, or deviated towards the corner.  
4.2.2   The inner and outer cells   
As mentioned in section 4.2, the inner cell is totally enclosed within the outer cell. 
Deaired water is used to fill both cells. The cells are made of high quality acrylic. The 
outer cell is reinforced with steel bands (rings) to sustain confining pressures up to 1000 
kPa. No metal or fibreglass reinforcing rings were provided to the wall of the inner cell. 
Figures (4.3) and (4.4) show a detailed schematic diagram and a photograph of the 
double-wall biaxial device used in this study, respectively. The top cap of the inner cell is 
equipped with four plugs for air bleeding. Two of these plugs are connected to the top cap 
of the inner cell. These connections facilitate filling and emptying the inner and outer 
cells. Table (4.1) summarizes the dimensions of the inner and outer cells. 
Figure (4.5) shows a photograph of the base of the cell in which the controlling 
valves, the side platen, and ball bearing are shown. In Figure (4.5), PAP and PWP refer to 
the pore-air and pore-water pressures, respectively.  
 
Figure (4.2) Geometry of the specimen and stress and strain conditions 
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Figure (4.3) Double-wall biaxial cell (schematic diagram) 
 
Figure (4.4) Photograph of the double-wall biaxial device (outer wall is not shown)  
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Table (4.1) The dimensions of the inner and outer cells 
 Inner cell Outer cell 
Diameter (mm) 175 270 
Height (mm) 270 470 
Thickness of the acrylic wall (mm) 5 8 
 
 
Figure (4.5) The base of the cell and the controlling valves  
1
2
           
Figure (4.6) The outer and inner pistons 
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The outer and inner pistons are 30 mm in diameter. The outer piston penetrates 
the top cap of the outer cell, and the inner piston penetrates the top cap of the inner cell. 
Due to the fact that the cell pressure is the same inside and outside the inner cell, there is 
no hydraulic gradient between point 1 and point 2, and no leakage can occur between the 
shaft and the inner loading piston as shown in Figure (4.6). This will avoid errors in 
volume change measurements caused by water leakage.  
 
Figure (4.7)  Layout of the double-wall biaxial system 
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For the outer cell, where the volume change is not of interest, the pressure was 
applied using air-water cell. Twin-burette volume change indicators were used to measure 
the volume change of the pore-water phase and the overall volume change of the 
specimen. Figure (4.7) shows the layout of the double-wall biaxial system. 
Figure (4.8) shows a photograph of the cell seated in the loading frame with the 
two volume change indicators connected to the cell. The loading frame is capable of 
applying static and dynamic forces to the specimen. In addition, the loading frame is 
quipped with a hydraulic pump which facilitates the application of the confining pressure 
statically and dynamically. The loading frame has two load cells with different capacities 
(i.e., 5 kN and 40 kN).  
 
Figure (4.8) Biaxial test set up: the cell is seated in loading frame 
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4.2.3   The top cap and bottom platen   
Both top cap and bottom platen are equipped with two porous discs and two 
ceramic discs. The ceramic discs are used to apply pore-water pressure (uw) whereas the 
porous discs are used to apply pore-air pressure (ua) within the soil specimen. The 
ceramic discs and the porous discs are fixed to special metal plate. The ceramic discs are 
glued to the metal plates using an epoxy resin on its periphery. A tight seal between the 
ceramic disc and metal plate ensures that air will not leak into the water compartment 
under the ceramic disc. The metal plates are fixed with six screws to the base platen and 
top cap. To isolate the pore-water phase from the pore-air phase, four O-rings are used in-
between the metal plate and the base. 
 The ceramic discs and porous discs are 15 mm in diameter and 5 mm in 
thickness. The air-entry value of the ceramic discs used in this study is 100 kPa. The 
metal plates can be simply replaced with other plates provided with ceramic discs with 
higher air-entry value, enabling the application of higher values of matric suction and 
thus testing unsaturated soil in a wide range of matric suction. Figures (4.9), (4.10), and 
(4.11) show photographs of the exploded and assembled top cap and bottom platen. 
   
              Figure (4.9) Top cap                                      Figure (4.10) Bottom platen 
 
Figure (4.11) Assembled top cap and bottom platen 
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Care should be taken while assembling the top cap and the bottom platen. The 
best way to install the metal plates onto the bottom platen or to the top cap is to assemble 
it under water. This will ensure that there is no air trapped in-between the metal plate and 
the base. Detailed description of assembling the top cap and bottom platen is presented in 
section 4.3.1. 
An important feature of the new device is that both the pore-water pressure (uw) 
and pore-air pressure (ua) can be independently controlled at the top and bottom of the 
specimen. Therefore, a suction gradient can be applied enabling investigation of soil   
characteristics such as permeability and compressibility under suction gradient as 
illustrated in Figure (4.12). Detailed plan view and cross sections of the top cap and 
bottom platen are shown in Figures (4.13) and (4.14), respectively. 
 
Figure (4.12) Suction gradient in soil specimen 
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Figure (4.13) Plan view and cross section in the top cap 
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Figure (4.14) Plan view and cross section in the bottom platen 
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4.2.4   The side platens and ball bearings 
The results presented by Lee (1970) confirmed the importance of using the side 
platens to attain the plane-strain conditions.  
The plane-strain condition is imposed using two immovable stainless steel walls. 
The walls are 15 mm thick and 101 mm apart. Teflon sheets 0.25 mm in thickness were 
used to reduce the friction between the membrane and the metal side wall.  Teflon sheets 
and silicon grease was used by Wanatowski (2005). Silicon grease was used in several 
biaxial devices to reduce the side friction (Tatsuoka et al., 1986; Yoshida et al., 1994). 
Unrestrained end platen is of great importance in plane-strain tests. Kinematically, 
constrained end platens tend to curve the shear band unnaturally (Oda and Kazama, 
1998).  
To reduce the friction between the soil sample and the bottom end platen (i.e., end 
restraint), ball bearings with a slid are provided at the base of the sample. This anti 
friction system allows the translation of the lower portion (block) of the specimen relative 
to the top portion after the onset of the localization (i.e., shear band). In the new biaxial 
device, the end bottom platen can be fixed allowing performing compression biaxial tests 
with different end restrain conditions (i.e., fixed or free bottom end). 
Several techniques were used to reduce end restrain effect in the biaxial devices 
proposed by different research groups. For example, a thin membrane greased with 
silicon oil was used by Oda and Kazama (1998) and Wanatowski (2005). Pillow block 
bearings were used by Alshibli et al. (2004). Figure (4.15) shows the two immovable side 
platens (walls) and ball bearing used in this study. 
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(a) 
 
      
                           (b)                                                                (c) 
Figure (4.15) Side platens: (a) plane view and cross section; (b) photograph of the 
side platens covered with Teflon sheets; and (c) close view of the ball bearing 
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4.2.5   The split mould and membrane   
In order to prepare the rectangular (prismatic) specimen, a special two-part split 
mould was designed and manufactured. The mould is made of aluminum and equipped 
with special 5 mm thick porous stone on its inner surface to facilitate the application of 
vacuum in between the mould and membrane during the preparation of the sample. The 
vacuum is applied to align the latex membrane along the inner walls of the mould. Figure 
(4.16) shows the split mold used in this study.  
In the present study the membrane is rectangular in cross section and it is made of 
high quality latex. The membrane is 0.4 mm thick and 200 mm high. Figure (4.17) shows 
the prismatic-shape membrane before it is cut to the desired height of the specimen. Due 
to the special shape of the specimen and membrane, the O–rings with their circular shape 
can not tighten the membrane against the top cap and bottom platen. Therefore, four 
metal plates were designed and manufactured to be fixed at the periphery of the top cap 
and base platen to tighten the membrane. Figure (4.18) shows the metal plates fixed 
partially onto the bottom platen of the specimen.  
  
                              (a)                                                                    (b) 
Figure (4.16) The split mould: (a) before assemblage; (b) full assemblage of the mould 
  
Figure (4.17) The prismatic membrane Figure ( 4.18) Metal plates at the bottom 
platen of the specimen 
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4.2.6   System calibrations 
To enable the new double-wall biaxial device to be used accurately in unsaturated 
soil testing, it was calibrated for the apparent volume change due to the application of cell 
pressure. In addition, loading ram displacement during the shearing stage should be 
considered. System components such as air pressure controllers and volume change 
indicator were carefully calibrated. 
4.2.6.1 Air pressure controller  
The air pressure controllers were used to apply and control the confining pressure 
in the inner and outer cell, pore-air pressure, and pore-water pressure. The accuracy of the 
applied pressure is of great importance specially when testing the soil under low 
confining pressures or low matric suctions. 
The air pressure controllers were calibrated in two ranges of air pressure. The first 
range is from 0-10 kPa, and the second range is from 10-600 kPa. The calibration of the 
air pressure controllers for low pressure was conducted by connecting the air pressure 
controller to U-shape tube filled with water and open to atmosphere at the other end. Test 
setup is illustrated in Figure (4.19). Upon applying the air pressure (σa), the water level 
will change in the tube. The applied air pressure is balanced by the weight of the water of 
the height hi.  The equilibrium condition can be expressed by the following equation:  
wia h γσ .=                                                                                                                        (4.1) 
where σa is the applied air pressure, hi the difference in water level, and γw is the unit 
weight of water. Figure (4.20a) show the relationship between the applied air pressure 
(σi) and the pressure calculated from the height of water column (hi.γ). The calibration of 
the air pressure controllers under high pressures up to 600 kPa was performed by 
connecting the air pressure controller to a precise pressure gauge. The relationships 
between the reading of the air pressure controller and the reading of the pressure gauge 
for the three air pressure controllers are presented in Figures (4.20b, c, and d). 
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Figure ( 4.19) Calibration of the air pressure controller for low pressures 
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                                    (c)                                                                    (d) 
Figure (4.20) Calibration of air pressure controllers: (a) calibration for low pressures; 
(b, c, and d) calibration for high pressures  
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4.2.6.2 Calibration of volume change indicator   
Twin-burette volume change indicator was used to measure the volume changes. 
The calibration of this device was conducted by filling the burette stepwise with deaired 
water and recording the corresponding electrical reading of the data logger connected to 
the volume change indicator as shown in Figure (4.21). The calibration was conducted 
also in case of emptying the burette. The relationship between the electrical reading, Re 
(μv), and the burette reading, Rb (ml), is shown in Figure (4.22). The calibration best 
fitting line has the following equation: 
32.60483.0 +−= be RR                                                                                                   (4.2) 
where Re is the electrical reading of data logger (μv) and Rb is burette reading (ml).  
 
Figure (4.21) Photograph of volume change indicator and the reading unit 
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Figure (4.22) Calibration of the volume change indicator 
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4.2.6.3 Permeability of ceramic discs  
Ceramic discs were used to apply the pore-water pressure within unsaturated soil 
specimen. To ensure that the ceramic discs are not cracked and it works properly, the 
permeability of the ceramic discs was determined. The permeability of ceramic discs was 
determined by the following procedures: 
    1- The metal plates in which the ceramic discs are cemented (see figure (4.10)) were 
immersed in deaired water for 24 hours, then the metal plates were mounted in the outer 
cell. The cell was filled with deaired water and cell pressure of 200 kPa was applied. The 
metal plates were left 24 hours under the cell pressure to ensure the fully saturation 
conditions of the ceramic discs. After this, the ceramic discs were installed (under water) 
on the top cap and bottom platen. Water was allowed to flow through the ceramic discs 
from a burette under small pressure of 20-30 kPa.  
    2- The metal plates were installed and fixed to the bottom platen and top cap. The 
assemblage of the top cap and bottom platen has been performed completely under water 
to ensure the continuity of the water phase in the water pressure line.  
    3- Pressure gradient across the ceramic discs was applied by mean of a burette. The 
volume of the water flowing through the ceramic discs and the elapsed time were 
measured and recorded.  
Two methods were adopted to apply water pressure through the ceramic discs. For 
low water pressures (i.e., up to 50 kPa), the water pressure was applied through the water 
pressure line below the ceramic discs. This procedure was performed to avoid the cracks 
in the ceramic discs due to the high uplift pressures. Experience showed that thin ceramic 
discs may crack easily. Uplift pressure of 70 kPa on a 3.2 mm thick ceramic disc can 
produce cracks in the disc (Fredlund, 1973).  The cracks may not be visible to the naked 
eye, but are evident during an air-entry or permeability test on the disc (Fredlund and 
Rahardjo, 1993).  
For higher pressure the assembled top cap and bottom platen were mounted in the 
outer cell. The outer cell was filled with deaired water and cell pressure was applied 
producing a gradient across the ceramic disc. The volume of water flowing through the 
ceramic discs is measured using volume change indicator. Figures (4.23) and (4.24) show 
the test set up in the permeability tests of the ceramic discs for low water pressure and 
high water pressure, respectively. In Figures (4.25a) and (4.25b), the volume of water 
flowed through the ceramic discs is plotted against the elapsed time for the top cap and 
bottom platen, respectively.  The straight line indicates a steady-state flow through the 
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ceramic discs. The relationship of the hydraulic conductivity versus the applied water 
pressure is plotted in Figure (4.25c). The results of permeability tests of the ceramic discs 
show that the average hydraulic conductivity of the ceramic discs is kav = 2 x 10-8 m/sec.  
The average measured values of the hydraulic conductivity of ceramic discs used in this 
study are close to that reported in the literatures. 
 Fredlund and Rahardjo (1993) reported a hydraulic conductivity of 8.6 x 10-8 
m/sec for 1 bar (100 kPa) air-entry value ceramic disc. According to Blight (1966), for 
ceramic disc with 152 kPa air-entry value, the hydraulic conductivity is 2.1 x 10-9 m/sec.  
The measured values of the hydraulic conductivity shows that the ceramic discs have no 
cracks and the discs can be used to apply matric suction within the soil specimen.  
 
Figure (4.23) Setup of permeability test of ceramic discs under low water pressure 
Figure (4.24) Setup of permeability test of ceramic discs under high water pressure 
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Figure (4.25) Permeability of the ceramic discs: (a) steady state flow through the 
ceramic discs at the top cap; (b) at the bottom platen; and (c) hydraulic conductivity 
versus applied water pressure 
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4.2.6.4 Inner cell expansion due to the application of cell pressure 
Theoretically, no volume change is expected to occur in the double-wall cell 
system, but; volume changes may occur in the inner cell due to several factors: 
1. The time delay in pressure application to the inner and outer cells and the hysteretic 
properties of acrylic (Sivakumar, 1993).  
2. The slackness of the tubes, connections, and valves in the system. 
3. Temperature effect: fluctuations in a wide range can result in considerable error in 
the measurement volume changes (Agus et al., 2003; Sivakumar, 2002; Ng, 2002). 
4. The absorption of water by the acrylic wall of the inner cell. Wheeler (1986) tried to 
prevent the absorption of water by coating the wall of the inner cell with a 
waterproofing spray or polyurethane varnish, or even by trying to replace water 
with another cell fluid that would not be absorbed by the acrylic wall. All theses 
trail and measures failed to prevent the absorption by the wall of the inner cell. 
5. The compression of the wall of the inner cell due to the applied pressure onto both 
side of the wall. 
6. The compression of the water within the inner cell: in the double wall cell proposed 
by Wheeler (1986), it was found that the compressibility of water account for about 
one third of the total volume changes of the inner cell. The compression of the 
water can be calculated using the following equation: 
σΔ=Δ .. oww VCV                                                                                                        (4.3) 
where:  
ΔVw is the volume change of water (cm3)  
Vo is the volume of water (cm3) 
Δσ  is the change in applied pressure (kPa) 
Cw is the compressibility factor of water, Cw = 4.58 x 10-7 (1/ kPa). 
The overall volume change of the inner cell due to the application of the cell 
pressure was determined using a dummy metal sample. The two cells were filled with de-
aired water and the cell pressure was applied stepwise. The immediate volume change 
was recorded. The calibration curve is presented in the Figure (4.26).  The calibration of 
the inner cell was carried out in a wide range of the confining pressure (i.e., 0 - 600 kPa). 
The compression of the water of the inner cell due to the applied pressure is also shown 
in Figure (4.26).  
The hysteresis of the system was examined by performing the loading and 
unloading paths. The cell pressure was increased stepwise from 0 to 600 kPa, and then it 
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was reduced to zero stepwise following the same loading path. Figure (4.26) shows good 
repeatability of the overall volume change of the inner cell during the loading and 
unloading processes. As shown in the figure, the non-linearity occurred in calibration 
curve can be due to the slackness in the valves and tube fittings in the first increments of 
cell pressure. 
4.2.6.5 Calibration of the inner cell using a saturated soil specimen 
The reliability of the system was checked by testing a saturated sample in 
isotropic consolidation test. For a saturated sample, the volume change of the specimen 
during the test (i.e., total volume change) is equal to the volume of water drained out 
from the specimen. 
 A saturated Hostun sand specimen was prepared with initial void ratio e0 = 0.72. 
The cell pressure was applied simultaneously to the outer and inner cell. The 
volume change of the saturated specimen was measured using two methods, namely A 
and B. In method A, the double wall cell technique was used (i.e., by measuring the 
volume changes of the fluid of the inner cell). In method B, the volume of water expelled 
out from the specimen was measured using a burette with accuracy of 0.1 cm3. Figure 
(4.27) shows the volume changes measured by the two methods versus the applied 
confining pressure. The measurements showed good agreement between the volume 
changes measured by method A and B. 
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Figure (4.26) Calibration of the inner cell due to the application of cell pressure 
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Figure(4.27) Volume changes of saturated sample measured by two methods: A and B 
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Figure (4.28) Error in the volume change of saturated soil sample measured by two 
methods (A and  B) versus confining pressure 
 
Figure (4.28) shows the error shows error in the volume change measurements of 
saturated soil sample using methods A and B. The figure shows that the maximum error 
in volume change measurements between method A and B is about 0.07 %. This value of 
error in volume change measurements is an acceptable value in unsaturated soil testing as 
reported by Geiser et al. (2000). 
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4.2.6.6 Verification of the concept of stress state variables using the new double-wall 
biaxial device 
Two null tests were conducted on an equalized soil sample under specific stress 
state. The test is termed null, because the expected result is to measure no volume 
changes due to the change in the values of the individual pressures (Fredlund and 
Rahardjo, 1993). But, it is difficult to measure zero volume change over a long period of 
time, so it is expected to measure a slight volume changes due to several factors such as 
imperfect testing procedure, air diffusion through the ceramic disc, water loss of the 
specimen through the evaporation or diffusion, and secondary consolidation (Fredlund 
and Morgenstern, 1977). 
Null tests were performed on Hostun sand-kaolin mixture. The mixture consists of 
10 % kaolin and 90 % sand. The specimen has an initial void ratio of 0.56, coefficient of 
uniformity of 1.95, and d50 of 0.35 mm. The specimen was compacted in the special mold 
and saturated using back pressure method. The back pressure value at the end of 
saturation stage was 60 kPa and cell pressure was 70 kPa.  
The axis translation technique (ATT) was used to create the matric suction within 
the soil specimen. The specimen was equalized under:  confining (cell) pressure (σ cell) of 
80 kPa, pore-air pressure (ua) of 70 kPa, and pore-water pressure (uw) of 60 kPa. Thus, 
the net confining pressure (σ-ua) =10 kPa and the matric suction (ua-uw) = 10 kPa.  
Upon attaining the equilibrium, i.e., when no volume changes were observed, the 
individual pressures were changed with the same increment so that the stress state 
variables (i.e., the net confining pressure and the matric suction) were kept constant and 
equal to their initial values. Pore-air pressure was applied through the porous discs, 
whereas pore-water pressure was applied through the ceramic discs with air-entry value 
of 100 kPa. Both pore-water and pore-air pressures were applied at the top and bottom of 
the specimen. Table (4.2) summarizes the pressure applied and the corresponding stress 
state variables used in the tests. 
 
Table (4.2) Pressures applied (kPa) in the null-tests 
 σ cell ua uw (σ-ua) (ua-uw) 
Null test 1 100 90 80 10 10 
Null test 2 250 240 230 10 10 
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Figures (4.29) and (4.30) show the total volume changes and the water volume 
changes measured in a period of two days in null test No.1 and No.2, respectively. The 
overall volume changes measured in the tests can be attributed to the creep of the system, 
water absorption by acrylic wall of the cell, and diffusion of water and air through the 
latex membrane. The membrane is not completely impervious to water (Head, 1986).  
To investigate the effect of the possible creep of the inner cell, two creep tests 
without samples were conducted at constant cell pressure (i.e., 100 and 250 kPa) and the 
volume changes of the inner cell were recorded for two days. The overall volume changes 
due to the creep of the cell are also shown in Figures (4.29) and (4.30). 
 The volume changes due to the creep of the inner cell were subtracted from the 
apparent volume changes. By considering the net volume changes of the soil specimens, 
it can be noticed that the volume of the specimens remains almost constant in the period 
of two days.  
The water volume changes which were measured as water leaving the specimen 
during the test can be attributed to the diffusion of air to the water phase of the specimen 
(Fredlund and Morgenstern 1977).  
To evaluate the accuracy of the volume change measurement, the corrected 
volumetric strain εv can be given as: 
βεε ±= vmv                                                                                                              (4.4) 
where εv is the corrected volumetric strain, εvm is the measured volume change, and β  is 
the absolute error.  The value of β = 0.1 % was proposed by Geiser et al. (2000) as an 
accepted absolute error in measuring the volumetric strain in triaxial tests on unsaturated 
soils (Leong et al. 2003). In the null tests carried out using the new double-wall biaxial 
device, the maximum measured volumetric strain, εv, was 0.07 %. 
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Figure (4.29) Volume change versus elapsed time in Null test No. 1 
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Figure (4.30) Volume change versus elapsed time in Null test No. 2 
 
4.3 Sample preparation and procedures used  
4.3.1   Flushing pore-water pressure lines and assembling the top and base platens 
First of all, the ceramic discs were saturated as mention previously. Saturation of 
the ceramic discs was performed in order to achieve the continuity between the pore-
water and the water in the compartment beneath the ceramic discs and to prevent the air 
to pass through the ceramic discs. While assembling the metal plates, in which the 
ceramic and porous discs are provided, it is important to ensure that no air is trapped in 
between the metal plates and the top cap and bottom platen.  
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In addition, all tubes and tabs of the pore-water pressure lines should be fully 
saturated. To achieve this, the following flushing procedure was adopted: 
• The top cap and the base platen were connected to the base of the cell and 
immersed in water.  
• Water pressure was applied through the volume change indicator (valve A is 
opened and valve B is closed). Water is allowed to flow from the twin-burette 
volume change indicator through the tubes and the base of the cell. Any air 
bubbles can be detected in the water reservoir where the top cap and bottom 
platen are immersed. Finally the water pressure was reduced to zero, and valve A 
was closed. 
• Vacuum of 30 kPa was applied (valve A is closed and valve B is opened) and the 
water flows in the reverse direction from the water reservoir through the tubes, the 
base of the cell, and volume change indicator. The flow of water will release any 
trapped air in the valves, connections, and tubes. Air bubbles can be observed in 
the burette in the volume change indicator. The vacuum was released and the 
pressure was applied again 
• The above procedures (pressurizing and vacuuming processes) were repeated 
several times (five to six times) after which no air bubbles were observed in the 
entire system. Figure (4.31) shows the test setup for flushing of the pore-water 
pressure lines. 
Figure (4.31)  Flushing procedure adopted in saturating water pressure lines    
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4.3.2   Sample preparation  
  Two preparation methods were adopted. The pluviation was used to prepare dry 
sand specimens. For the preparation of saturated sand specimens, the water sedimentation 
method was used. 
4.3.2.1 Dry sample preparation  
 The desired mass of the sand was oven dried and then cooled in a desiccator to 
room temperature just before sample preparation. The 0.4 mm latex membrane was cut to 
the desired length and installed on the end bottom platen (the end bottom platen was 
already assembled and connected to the base of the cell) and two O-rings were installed 
as shown in Figure (4.32a). Four metal plates were used to tighten the membrane (Figure 
(4.32b)). The prismatic shape mould was mounted on these metal plates, and the 
membrane was stretched around its top. Vacuum of 30 kPa was applied to align the 
membrane along the inner surface of the mould. Upon applying the vacuum, the 
membrane stretches and takes the right shape (Figure (4.33a)).  
After installing the membrane, the sand was pluviated into the mould. The sand 
was compacted layer by layer to reach the desired density.  A filter paper was used in the 
bottom and at the top of the specimen. After completion of the sand placement, the top 
cap (which was already assembled and connected to the base of the cell) was mounted on 
the specimen and the membrane was carefully pulled over the top cap and secured to it 
with O-ring and four metal plates as shown in Figure (4.33b). 
                   
                           (a)                                                                             (b) 
Figure (4.32) Installing the membrane and the metal plates 
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                                   (a)                                                                   (b) 
Figure (4.33) The membrane and the mould: (a) the membrane stretched in the mould; 
(b) the membrane is sealed around the top cap 
   
                             (a)                                                                      (b) 
Figure (4.34)  Typical specimen: (a) the specimen under vacuum; (b) the specimen  
between the two side walls  
 
Before dismantling the mould, a low vacuum of approximately 20 kPa was 
applied to the base of the sample. The vacuum was applied through the porous discs lines. 
Figure (4.34a) shows the sand specimen connected to the base of the cell after the split 
mould was removed and the vacuum was applied with all valves are closed. The sample 
was mounted on the pedestal on the ball bearing sled and the two stainless steel walls 
were installed and fixed. Two guide rods were used at the top of the walls together with 
the top cap of the specimen to ensure the verticality of the soil sample and to avoid any 
load eccentricity as shown in Figure (4.34b). 
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                      (a)                                           (b)                                         (c)  
Figure (4.35) The installation of the inner and outer cell 
 
After the whole block (i.e., specimen, pedestal, and side walls) was mounted on 
the base of the inner cell (Figure (4.35a)), the top cap of the inner cell and outer cell were 
installed with the required connections and tubes. The inner piston was pushed into the 
top cap. The outer piston was pushed to come into contact with the inner piston. Upon 
attaining good contact condition between the outer and inner pistons, the outer loading 
piston was fixed and the clampers of the inner cell were fixed and tightened using screws 
on the top cap of the inner cell as shown in Figure (4.35b). The wall of the outer cell was 
installed and finally both cells were filled with fresh de-aired water (Figure (4.35c)). 
4.3.2.2 Saturated sample preparation 
The preparation of saturated samples was almost identical to that adopted for dry 
samples except in the first stage where the sand should be compacted in the mould. To 
prepare the initially saturated sample, the membrane was filled with fresh de-aired water, 
and the sand was pluviated into the membrane. Two holes of 1.5 cm in diameter were 
made in the filter paper to ensure good contact between the soil sample and the ceramic 
discs (i.e., to ensure the continuity of the water phase thought the sample and the water 
compartment under the ceramic discs). In addition, to hold the specimen temporarily after 
dismantling the mould and instead of the vacuum in case of dry sample, a low value of 
negative water pressure (suction) of about 10 kPa was applied to the specimen by 
lowering down a burette connected to the base of the specimen.  
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4.3.3   Test procedure 
Upon completing the preparation of the sample, the inner and outer cell were 
filled with fresh de-aired water and pressurized to the desired confining pressure. After 
consolidation, shearing was carried out under drained conditions. 
 4.3.3.1 Test procedure for dry specimens 
  After the initially dry soil was prepared, the inner and outer cells were pressurized 
to the same confining pressure. The confining pressure in the inner cell was applied 
through the volume change indicator. For the outer cell (where the volume change is not 
of interest) the cell pressure was applied through conventional air-water cell. One air 
pressure controller was used to apply the pressure to both the burette volume change 
indicator and the air-water cell to eliminate any possible changes in the applied confining 
pressure in both the inner and outer cells. The overall volume change of the specimen was 
measured using the burette volume change indicator connected to the inner cell. The 
accuracy of the volume change indicator used is 0.1 cm3.  
After consolidation, the specimen is sheared by compression under drained 
conditions by pushing the outer loading piston with a loading rate of 0.002 mm/sec (i.e., 
strain rate of 1.6x10-5 %/sec). The strain rate, which changes slightly during the shearing 
process due to the change in the height of the specimen, is calculated as v/ho where v is 
the loading speed (mm/sec), and ho is the initial height of the specimen (mm). Fredlund 
and Rahardjo (1993) reported that strain rates in the range of 8.3x10-6 to 1.3x10-4 %/sec 
were used in drained tests on unsaturated silt and clay in several researches. 
 The axial strain was measured using 50 mm range external Linear Variable 
Differential Transducer (LVDT) mounted on the outer piston. The applied load was 
measured using one of two external load cells. For low confining pressures up to 100 kPa 
the load cell with a maximum capacity of 5 kN was used. For higher confining pressure, 
the 40 kN load cell was used. The loading was continued until axial strain of 10-11 % 
was achieved. Table (4.3) summarises accuracy of load cells and linear variable 
differential transducer. Figure (4.36) shows the load cells mounted on loading piston. 
Table (4.3) Summary of accuracy of load cells and LVDT 
Transducer type Capacity (range) Accuracy 
Load cell-A 40 kN 0.02 kN 
Load cell-B 5 kN 0.002 kN 
External LVDT 50 mm 0.1 mm 
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Figure (4.36) Loading piston with two load cells 
At the end of the test, the confining pressure was released and both cells were 
emptied and dismantled. Before releasing the confining pressure, a low vacuum of 30 kPa 
was applied within the specimen to prevent specimens’ collapse and to allow the 
measuring of the shear band characteristics. 
4.3.3.2 Test procedure for unsaturated specimens 
After the saturated sample was prepared, the cell pressure in the inner and outer 
cells, pore-air pressure, and pore-water pressure were applied. The axis translation 
technique (ATT) proposed by Hilf (1956) was used to apply the predetermined suction. 
Both the pore-air and pore-water pressures were translated into a positive range of 
pressure. The pore-air pressure was applied through the porous discs using an air pressure 
controller with an accuracy of 1 kPa. The pore-water pressure was applied through the 
ceramic discs using burette volume change indicator connected to an air pressure 
controller. 
 The specimen was consolidated under the combination of these three pressures 
(i.e., cell, pore-air, and pore-water pressures). Thus, the stress state variables affecting on 
the sample during the test are the matric suction (the difference between the pore-air 
pressure and pore-water pressure (ua - uw) and the net confining pressure (the cell pressure 
minus the pore-air pressure (σcell - ua).  
 The overall volume change of the specimen was recorded using burette volume 
change indicator connected to the inner cell and the volume changes on pore-water phase 
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of  the specimen was measured using the burette volume change indicator connected to 
the ceramic discs. The accuracy of the volume change indicator is 0.1 cm3. The 
equilibrium was considered to be achieved when no volume changes were observed in 
pore-water volume.  
Upon attaining the equilibrium, the soil specimen was sheared by compression 
under drained conditions for both pore-water and pore-air phases. The specimen was 
sheared by at loading rate of 0.002 mm/sec. Drained shear strength tests on unsaturated 
soils should be performed at slow strain rate in order to ensure the dissipation of the 
generated pore-water pressure (i.e., no change in the matric suction during the shearing 
stage) (Fredlund and Rahardjo, 1993).  
4.4 Repeatability in test results  
Repeatability of the test results is an important and essential factor in experimental 
investigations.  The repeatability of the test results in the new double-wall biaxial device 
was examined by testing three identical samples (i.e., the same void ratio, the same water 
content, and the same preparation procedure).  
Figure (4.37) presents the results of three biaxial compression tests on dry dense 
specimens. The specimens had the same initial void ratio, e0 = 0.66, and were sheared at 
loading speed of 0.002 mm/sec under confining pressure of 300 kPa. The experimental 
results of the tests on specimens B1, B2, and B3 show that the stress-strain behaviour of 
the three specimens is almost identical.  
Figure (4.38) shows the mobilized angle of dilatancy versus shear strain for the 
three tests. Summary of the results of the three tests (B1, B2, and B3) is presented in 
Table (4.4). The values imply a good agreement in the three tests between the measured 
angle of internal friction, angle of dilatancy, angle of shear band inclination, and stress 
ratio at failure. 
Table (4.4) Results of three validation biaxial tests: B1, B2, and B3 
 B1 B2 B3 
Confining  pressure, σ3 (kPa) 300 300 300 
Maximum  angle of friction, φmax (Deg) 44.30 44.32 44.47 
Maximum Angle of dilatancy, ψmax  (Deg) 13.74 13.45 13.68 
Angles of shear band inclination, θm  (Deg) 59.8 58.1 58.8 
Stress ratio at failure, σ1/σ3  (-) 5.63 5.64 5.68 
Axial strain at failure (-) 5.43 5.69 5.52 
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Figure (4.37) Stress-strain curves in three drained biaxial compression tests (B1,B2, 
and B3) on dense dry sand specimens under cell pressure of 300 kPa (e0 = 0.66): (a) 
axial strain versus deviator stress; (b) axial strain versus volumetric strain 
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Figure (4.38) Mobilized angle of dilatancy versus shear strain in tests B1, B2, and B3 
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4.5 Techniques and procedures used for SWCC tests 
The laboratory program includes the determination of the drying (drainage) and 
wetting (imbibition) paths of pure Hostun sand, sand-kaolin mixtures A, B, and C, and 
pure kaolin. The soil water characteristic curves for the tested soils were determined 
using different techniques depending on the range of suction applied. 
Two techniques (i.e., axis translation technique (ATT) and vapour equilibrium 
technique (VET)) were used to determine the relationship between the suction and the 
degree of saturation of the tested soil. In axis translation technique, two equipments were 
used. For suction range of 0-100 kPa, the modified pressure plate apparatus (MPP) (Lins 
et al., 2009) was used, whereas for the suction range of 100-1000 kPa, pressure plate 
device was used. For higher suction values (i.e., suction >3000 kPa up to 100000 kPa), 
the vapour equilibrium technique was used. The following sections give an overview of 
the testing devices and methods adopted for the application of suction ranging from 0 to 
100000 kPa.  
4.5.1   Sample preparation  
Soil water characteristic curves were investigated by performing drying and 
wetting paths  for the pure Hostun sand (e0 = 0.66), pure Spergauer kaolin wopt = 22.8%, 
γd,max  = 1.51 Mg/m3) and three sand-kaolin mixtures: A (95% sand, 5% kaolin with wopt = 
14.29%, γd,max = 1.6 Mg/m3), B (90% sand, 10% kaolin with wopt = 13.8%, γd,max = 1.68 
Mg/m3), and C (70% sand, 30% kaolin with wopt = 13%, γd,max = 1.88 Mg/m3).  
Soil specimens were prepared at the optimal water content and stored in doubled 
plastic bag for 24 hours to allow equalization of water content. The specimens were 
statically compacted to reach the desired density based on the standard Proctor curves. 
After preparation, the specimens were saturated before the suction has been applied 
stepwise. Water is allowed to flow out or/in the specimen depending on the suction path 
tested. The next step of suction was not applied until the equilibrium has been achieved 
(i.e., by achieving a constant mass of the specimen). 
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4.5.2   Pressure plate extractor 
The pressure plate extractor is a well known testing device for determination of 
the relationship between the degree of saturation, volumetric water content, or 
gravimetric water content and suction in a soil (ASTM C1699 – 09). In this study the 
pressure plate extractor (Soil moisture Equipment Corp.) has been used to apply suction 
values between  50 -1000 kPa using different ceramic discs with different air-entry values 
depending on the suction applied (100 kPa disc, 500 kPa disc, and 1500 kPa disc). The 
axis-translation technique (ATT) (Hilf, 1956) is used for the application of suction to the 
specimen. During the testing procedure, flushing of the water below the ceramic disc has 
been carefully carried out periodically to avoid presence of air in the system. Figure 
(4.39) shows a photograph of the pressure plate extractor used. Schematic diagram of this 
device is also shown in Figure (4.40). 
 
Figure (4.39) Photograph of the pressure plate 
 
Figure (4.40) Schematic sketch of the pressure plate device 
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4.5.3   Modified pressure plate (MPP) 
The modified pressure plate apparatus enables the determination of the soil-water 
characteristic curve for both drying and wetting paths (phenomena of hysteresis). The 
modified pressure plate apparatus was used for applying suction values in the range 0-100 
kPa. 
The experimental set up consists of a burette, a scale, an air-pressure system, and 
the cell itself. The apparatus has a metal ring 70 mm in diameter and 20 mm high. A 
coarse porous stone is placed on the top of the soil specimen. Ceramic disc is placed at 
the bottom of the specimen. The ceramic disc used in this study has an air-entry value of 
100 kPa. Therefore suctions smaller then 100 kPa can be applied to the specimens when 
using the modified pressure plate. The cell is equipped with a minimized water reservoir 
below the ceramic disc. A burette with a capacity of 25 cm3 and a least count of 0.05 cm3 
is connected to this water reservoir. Water inflow and outflow is measured by mean of the 
burette. Air pressure can be applied at the top of the specimen through a coarse porous 
stone. The changes in the height of the specimen are measured by a dial gauge mounted 
on the loading piston. A detailed cross section of the modified pressure plate apparatus is 
given in Figure (4.41).  
 
Figure (4.41) Cross section of the modified pressure plate (MPP) (Lins et al., 2009) 
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Granular materials show a relatively small range of suctions over which the soil 
becomes unsaturated. A low air-entry value is a characteristic for this type of materials. 
The cell uses two methods for application of matric suction on the specimen: Hanging 
water column technique (Haines, 1930), and Axis-Translation Technique (Hilf, 1956). 
The use of the hanging water column technique allows the application of low 
suction values. By lowering the burette connected to the water reservoir bellow the 
ceramic disc, suctions up to 5.0 kPa (i.e., 50 cm water height) in steps of 0.1 kPa can be 
applied to the specimen. The burette with an accuracy of 0.05 cm3 enables the precise 
measurements of water inflow and outflow.  
For suctions higher than 5 kPa, the axis translation technique is used and the air 
pressure is applied through the control valves at the top of the cell. A photograph of the 
modified cell and the test setup are shown in the Figure (4.42). 
 
   
                           (a)                                                                   (b) 
Figure (4.42) Modified pressure plate: (a) a photograph of the cell; (b) test setup 
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4.5.4   Vapour equilibrium technique (VET) 
The vapour equilibrium technique (VET) has been used in several researches for 
controlling total suction during unsaturated oedometer and triaxial tests (e.g., Cuisioner 
and Masrouri, 2002; Lloret et al., 2003; Blatz and Graham, 2003) and for the 
determination of soil-water characteristic curve of expansive soils (Croney et al., 1952; 
Agus et al., 2001; Blatz et al., 2003; Schanz et al., 2004). 
Generally, the VET can be used to control almost the whole range of total suction. 
But, the use of VET for applying total suction less than 2000 kPa suffers from 
inaccuracies since this technique is extremely sensitive to temperature gradient between 
the salt solution, the vapour space, and the soil specimen (Agus and Schanz, 2003). If the 
temperature fluctuation can be maintained as high as 0.5°C, the VET can be used to apply 
and control the suction higher than 1000 kPa (Arifin, 2008). 
 The vapour equilibrium technique using salt solutions (VET) was used for 
inducing suction values higher than 3000 kPa and up to 100000 kPa. The tests using 
vapour equilibrium technique were performed at constant temperature room, in which the 
temperature was controlled to be constant at 20°C ±0.5°C.   
Several salt solutions were used to induce total suction to the specimen by changing 
the relative humidity of the vapour space in the desiccator. The suction to be applied 
using NaCl solutions was calculated according to the equation given by Lang (1967) and 
the data reported by Pitzer and Pelper (1984). The relative humidity of the vapour above 
the salt solution was verified using the chilled-mirror hygrometer technique. The chilled-
mirror hygrometer used in this study was a water activity meter type 3TE produced by 
Decagon Devices Inc. (Figure (4.43)).  
Figure (4.44) shows the vapour equilibrium techniques. Large and small desiccators 
were used. The use of small desiccator can avoid the effects of the differences in initial 
suction of the specimens since only one specimen was placed in the desiccator (Arifin, 
2008). 
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Figure (4.43) Photograph of chilled-mirror hygrometer device 
   
 
(a) 
 
                 
(b) 
Figure (4.44) Vapour equilibrium technique: (a) photograph of the desiccators used; (b) 
schematic diagram of vapour equilibrium technique  
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4.6 Techniques and procedures used in bearing capacity tests 
Bearing capacity tests were performed to investigate the effect of suction on the 
ultimate bearing capacity of a model strip footing on unsaturated Hostun sand. A 
specially designed box was used to conduct the bearing capacity tests.  
4.6.1   Sand box 
As it is illustrated in Figure (4.45), the box is 1000 mm long, 500 mm high, and 
500 mm wide. The box consists of an outer frame made of wood and an inner tank made 
of plexiglass. The thickness of the plexiglass wall is 10 mm. The outer wood frame was 
constructed in order to attain the plane-strain conditions (i.e., to prevent the lateral 
deformation during loading stage). Care was taken to ensure, as much as possible, 
complete contact conditions between the plexiglass wall and the wooden frame. 
 
 
Figure (4.45) Schematic diagram of the bearing capacity test 
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Figure (4.46) Bearing capacity test  
 
Figure (4.47) Photograph of the model strip footing 
 
In order to apply the matric suction to the soil mass, two holes were made in each 
side wall of the box. These four holes were equipped with special fine metal mesh to 
allow the water but not the sand from flowing. The predetermined value of suction can be 
applied to the sand mass by hanging water column technique. Two burettes were used 
one in each side as illustrated in Figure (4.46).  
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The applied matric suction was monitored using two tensiometer sensors at a 
depth of 10 and 100 mm from the soil surface. The model strip footing used in this study 
is 477 mm long. The cross section of the model strip footing is U-shape 49 mm wide and 
45 mm high. Figures (4.47) and (4.48) show photographs of the model footing and the 
tensiometer used, respectively.  
The dimensions of the box were considered such that failure conditions due to 
loading will occur within the box and will not intersect the side walls as it is illustrated in 
Figure (4.49). The calculations using Rankin’s analysis (Förster, 1998) show that the 
failure zone extends to a total length of about 260 mm and the maximum depth to 100 
mm. The box was designed such that the box dimensions are greater than the calculated 
values of the failure zone (i.e., 1000 mm in length, 500 mm in width, and 500 mm in 
height).  
 
Figure (4.48) Photograph of the tensiometer (type T5) and the reading unit   
 
Figure (4.49) Failure mechanism below the model strip footing 
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4.6.2   Sample preparation and testing procedure  
The sample was prepared by pluviation of the sand into the box. The box was 
placed in the loading frame and the box was filled with water. The sand was pluviated 
and compacted layer by layer. The height of the sand in all tests was 350 mm. the sand 
was compacted on 7 layers each is 50 mm height. The required dry mass of sand for each 
layer was determined to achieve the target density. The height of each layer was 
controlled using a scale mounted on the side walls. After completing the preparation of 
the saturated sample, the suction was applied by lowering the two burettes to the 
predetermined height.  
Upon reaching the equilibrium (i.e., no water flow out of the sand mass) the 
model footing was loaded. It should be noted here that during the application of suction 
(equalization stage) and loading stage, the box was completely covered with a plastic 
sheets to prevent the evaporation of the water. Loading speed of 0.002 mm/s was adopted 
in bearing capacity tests which is the same loading rate used in biaxial tests. The loading 
continued until reaching a settlement of 30-35 mm.  The applied load was measured using 
a load cell with a capacity of 40 kN and accuracy of 0.05 % of the applied load. The 
footing settlements (i.e., the displacement of the loading piston) were measured with a 
resolution equal to 0.001 mm. All experimental data were collected using a data logging 
system. Test setup and the location of the tensiometers are shown in Figure (4.50).  
 
Figure (4.50) Bearing capacity test: the location of the tensiometers 
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4.7 Summary 
A new double-wall biaxial device has been described in this chapter.  The new 
developed device enables testing dry, saturated, and unsaturated soils in plane-strain 
conditions.  The main feature of the new device is that the volume change of unsaturated 
soil specimen can be measured precisely using double-wall cell concept. Matric suction 
can be applied and controlled. Suction gradient can be applied within the unsaturated soil 
specimen. In addition, using the new device, the shear strength and shear banding in soils 
under different end restrain conditions (i.e., free end/fixed end) can be studied. The 
required calibrations were presented. The concept of the stress state variables was 
validated using the new device. It has been shown in this chapter that the new system 
shows a good repeatability of the test results. The new biaxial device was calibrated and 
proved to be a reliable device for unsaturated soil testing. 
Additionally, the techniques used in biaxial tests, bearing capacity tests, and soil 
water characteristic curves tests were presented in detail.  
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CHAPTER 5  
EXPERIMENTAL RESULTS  
5.1 General  
This chapter presents the results of the biaxial tests on Hostun sand (dry, 
saturated, and unsaturated conditions) performed using the new double-wall biaxial 
device. In addition, the results of the bearing capacity tests of model strip footing on 
saturated and unsaturated Hostun sand are presented. The results of the tests of the soil 
water characteristic curves of sand-kaolin mixtures are also presented in this chapter. 
5.2 Biaxial tests results  
In the following sections the results of biaxial tests on dry, saturated, and 
unsaturated sand will be presented. A satisfactory analysis of these results was performed 
by applying the following equations and relations. The major axial strain, ε1, volumetric 
strain, εv, and shear strain, γ, are calculated using the following equations: 
0
1 h
hΔ=ε                                                                                                                          (5.1) 
0v
v
v
Δ=ε                                                                                                                         (5.2) 
31 εεγ −=                                                                                                                     (5.3) 
where ho = initial height of the specimen, Δh = change in height of the specimen, v0 = 
initial volume of the specimen, Δv = change in volume of the specimen, and ε1 and ε3 are 
the major and minor principal strain, respectively. The deviator stress, Δσ, and the major 
principle effective stress, σ`1, are calculated as follows: 
c
c
A
p=Δσ                                                                                                                         (5.4) 
σσσ Δ+= 3`1`                                                                                                              (5.5) 
In case of unsaturated sand, the major principle stress was calculated as follow: 
( ) σσσ Δ+−= au31`                                                                                                   (5.5a) 
where σ3 = cell pressure, Pc = corrected axial force, Ac = corrected cross section of the 
specimen, ua = pore-air pressure. 
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5.2.1   Results for loose and dense dry Huston sand  
Figure (5.1) shows a typical results of the biaxial compression test on dense dry 
Hostun sand specimen with initial void ratio e0 = 0.66 and confining pressure σ3 = 15 
kPa. Figure (5.1a) shows the deviator stress (Δσ = σ1−σ3) versus the axial strain (ε1) and 
Figure (5.1b) shows the volumetric strain (εv) versus the axial strain (ε1).  
Figure (5.1) shows that, the deviator stress increases by increasing the axial strain 
until the maximum value is reached (i.e., peak point). Beyond this point, softening 
happens and the shear strength decreases until reaching a constant value. Figures (5.2) 
and (5.3) show the experimental results of the biaxial tests under several confining 
pressures for the dense and loose Hostun sand, respectively.  Figures (5.2) and (5.3) show 
that the maximum deviator stress, (σ1-σ3)max increases with increasing the confining 
pressure (σ3), whereas the tendency of specimens to dilate during shearing decreases by 
increasing the confining pressure. 
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Figure (5.1) Experimental results of biaxial test on dense dry specimen: (a) axial strain 
versus deviator stress; (b) axial strain versus volumetric strain (σ3 = 15 kPa) 
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Figure (5.2) Experimental results of the tests on dense sand specimens: (a) deviator 
stress versus axial strain; (b) volumetric strain versus axial strain 
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Figure (5.3) Experimental results of the tests on loose sand specimens: (a) 
deviator stress versus axial strain; (b) volumetric strain versus axial strain 
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The effective stress paths for the dense and loose specimens are shown in Figure 
(5.4). The stress paths were drown in (p`-q`) plane using the following definition of 
stresses (MIT stress system (Bardet, 1997)): 
p`= (σ`1+σ`3)/2                                                                                                               (5.6) 
q`= (σ`1-σ`3)/2                                                                                                                (5.7) 
where σ`1 is the major principle effective stress and σ`3 is the minor principle effective 
stress. 
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Figure (5.4) Stress paths in biaxial tests: (a) loose sand; (b) dense sand 
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Shear band inclination angles were measured at the end of the test (i.e., residual 
state) in respect to the direction of the minor principle stress as illustrated in Figure (5.5). 
Figure (5.6) shows the relationship between the angle of shear band inclination and 
confining pressure for the dense and loose dry Hostun sand. 
In the current version of biaxial device, the shear bands can not be observed in the 
plane of the intermediate stress (σ2) because the platens used to impose the plane-strain 
conditions are made of stainless steel. The shear bands were observed on the free faces of 
the specimen (i.e. on the plane of the minor principle stress, σ3). 
In this research, the failure mechanism was well documented and observed from 
the photographs of the specimen after the test. Figures (5.7), (5.8), and (5.9) show 
photographs of the specimens at the end of the test in σ2 and σ3 planes for specimens 
tested under confining pressures of 5, 50, and 300 kPa, respectively. The displacement of 
the bottom platen is also shown in the figures. The measured displacements of the lower 
platen at the end of the tests were in the range of 3 - 4 mm. It should be noted here that in 
all the tests in the current study the bottom platen was free to move laterally from the 
beginning until the end of the test. 
 
 Figure (5.5) Shear band characteristics  
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Figure (5.6) Angle of shear band inclination versus confining pressure of dense and 
loose Hostun sand 
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(a) 
 
(b) 
 
(c) 
Figure (5.7) Specimen at the end of the test, σ3 = 5 kPa, e0 = 0.66: (a) shear band in 
σ2-plane; (b) shear band in σ3-plane; (c) displacement of the bottom platen 
 Original position  
At the end of the test 
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(a) 
 
(b) 
 
(c) 
Figure (5.8) Specimen at the end of the test, σ3 = 50 kPa, e0 = 0.66: (a) shear band in 
σ2-plane; (b) shear band in σ3-plane; (c) displacement of the bottom platen 
Original position  
At the end of the test 
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(a) 
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(c) 
Figure (5.9) Specimen at the end of the test, σ3 = 300 kPa, e0 = 0.66: (a) shear band 
in σ2-plane; (b) shear band in σ3-plane; (c) displacement of the bottom platen 
 Original position  
At the end of the test 
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In most of the tests, the shear bands were symmetric (i.e., both faces of the 
specimen show the same angle of inclination.). If difference was observed, the angles of 
shear band inclination were measured at both faces of the specimen and the average was 
considered. The same phenomenon (i.e., different angles of shear band in each side face) 
was observed by Vardoulakis et al. (1978). The shear band observed on the free face of 
the specimen was horizontal. 
In some tests, the shear band was not exactly straight rather it was almost semi-
curved and two angles of inclination were possibly observed on one side face of the 
specimen as shown in Figure (5.10). In this case, a fitting line was drawn and an average 
inclination was determined. This phenomenon was also observed in the biaxial tests (e.g., 
Vardoulakis and Graf, 1985; Oda and Kazama, 1998; Oda and Iwashita, 1999, 2000).   
The measurements of the shear band thickness at the end of the tests showed an 
average thickness of 5-7 mm. Figure (5.11) shows the shear band with a noticeable 
thickness formed for a dense sand specimen sheared under confining pressure of 100 kPa. 
The thickness of the shear bands in the specimens were simply determined be naked eye 
using a scale. Disadvantage of using this method is that no difference in the thickness of 
the shear band was noticed for the specimens sheared under different confining pressures 
in the range of 5 to 600 kPa. 
       
Figure (5.10) Shear band with two inclinations on the σ2 plane 
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                      (a)                                                               (b) 
Figure (5.11) Noticeable thickness of the shear band at the end of biaxial test on dry 
dense specimen tested under confining pressure of 100 kPa: (a) shear band in σ2-plane; 
(b) zoom up of the shear band 
 
The thickness of the shear band is not constant. No shear band is like a rectangular 
plate with constant thickness, but in a wavy form. The shape and position of the shear 
band change slightly from section to section. In addition, the thickness of the shear band 
changes during the shear displacement (Oda and Iwashita, 1999). 
  The deformation of the membrane at the end of the test makes the border of the 
shear band unclear. Measuring shear band thickness at the end of the test using a scale 
may not be completely accurate due to the deformation of the membrane which gives an 
error in estimating the shear band thickness. Oda and Kazama (1998) reported the 
difficulty in measuring the shear band thickness; they stated that it is sometimes thought 
that the shear band can bee seen through the convoluted membrane. Overestimation of the 
shear band thickness can be happen even X-ray photographs are used (Oda and Kazama, 
1998). 
Alshibli and Sture (1999) used two independent digital imaging analysis 
techniques to measure shear band thickness of a fine-grained sand specimen tested under 
plane strain loading conditions. They reported that the localized deformations of granular 
materials can be easily and accurately monitored and measured using surface digitization 
of the latex membrane. In addition they ensured that the shear band thickness 
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measurements obtained from membrane surface digitization and epoxy impregnation 
techniques are very close. 
Mokni and Desrues (1999) conducted a testing program to get sure that the 
membrane will not affect the behaviour of the specimens and the onset of localization. As 
a result of their study, it was concluded that using latex membrane with a thickness equal 
to mean grain size (d50) with silicon grease will effectively reduce the friction between 
the specimen and the side platens (walls). Mokni and Desrues (1999) reported to the 
importance of measuring the shear band thickness at the onset of the shear band that in 
this stage the distortion of the latex membrane is still negligible. 
 When the soil is sheared along a single-plane, in both triaxial and biaxial tests; 
the membrane will be stretched as illustrated in Figure (5.12). In reality, the membrane 
stretching is less than that indicated by the idealized condition in Figure (5.12) and its 
effect is usually neglected (Head, 1986).  
Desrues and Hammad (1989) reported that some increment of the shear strength 
occurs after the peak and this can be due to the reaction of the membrane at the shear 
band plane. The reaction of the membrane decreases as the confining pressure increases 
and becomes relatively less important at high confining pressures. 
       
Figure (5.12) Stretching of membrane due to a single-plane slip (Head, 1986) 
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5.2.2    Results of unsaturated dense Hostun sand  
Figures (5.13), (5.14), and (5.15) show the experimental results of the biaxial tests 
on saturated and unsaturated dense sand specimens. As mentioned in Chapter 3, three set 
of tests have been done (i.e., B10, B50, and B100). In each set, the net confining pressure 
(σ3-ua) was kept constant and several values of matric suction (ua-uw) = 0, 2, 3, 4, 8, 20 
kPa were applied and kept constant during the tests. Figures (5.11), (5.12), and (5.13) 
present the stress-strain curves for the set B10, B50, and B100, respectively. 
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Figure (5.13) Stress-strain curves for set B10, (σ3-ua) = 10 kPa: (a) axial strain-
deviator stress; (b) axial strain-volumetric strain 
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Figure (5.14) Stress-strain curves for set B50, (σ3-ua) = 50 kPa: (a) axial strain-
deviator stress; (b) axial strain-volumetric strain 
 
Chapter 5: Experimental results  
 111
 
0
200
400
600
800
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Axial strain (-)
De
vi
at
or
 s
tre
ss
 (k
Pa
)
Sat.
2
3
4 
8
20
Net confining pressure = 100 kPa Suction (kPa)
(a) 
-0.04
-0.03
-0.02
-0.01
0
0.01
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Axial strain (-) 
Vo
lu
m
et
ric
 s
tra
in
 (-
) 
Sat.
2
3
4
8
20
Net confining pressure = 100 kPa Suction (kPa)
    Dilation
Contraction
 
(b) 
Figure (5.15) Stress-strain curves for set B100, (σ3-ua) = 100 kPa: (a) axial strain-
deviator stress; (b) axial strain-volumetric strain 
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Figure (5.16) shows the measured angles of shear band inclination, θm, for 
unsaturated Hostun sand tested under different values of net confining pressure and 
matric suction. As it is shown in Figure (5.16), change in matric suction has almost no 
significant effect on the angles of shear band inclination when the net confining pressure 
was kept constant in each set of tests. The figure shows that shear band inclination 
decreases by increasing net confining pressure. It can be concluded that the angle of the 
shear band inclination is mainly affected by the net confining pressure (σ3-ua). 
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Figure (5.16) Matric suction versus the angle of shear band inclination of 
unsaturated dense Hostun sand specimens  
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5.3 Results of bearing capacity tests of model strip footing on unsaturated 
Hostun sand 
Figure (5.17) shows the relationship between the settlement of the model strip 
footing and the applied load for the saturated and unsaturated dense Hostun sand. The 
applied matric suction was monitored during the equalization and loading stages using 
two tensiometers. The first was located at the surface of the sand mass (depth = 10 mm) 
and the second tensiometer was at 80 mm depth as illustrated in Figure (5.18).  
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Figure (5.17) Load-settlement relationship of model strip footing on Hostun sand 
  
Figure (5.18) Location of the tensiometers in bearing capacity test 
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Figure (5.19) shows an example of the changes in matric suction (at two depths: 
1and 8 cm) during the loading stage of a bearing capacity test of the model strip footing 
on unsaturated Hostun sand (matric suction of 2 kPa). It can be noticed that the matric 
suction was almost constant during the loading stage. This can be attributed to two 
reasons, firstly the low strain rate have been used (loading speed = 0.002 mm/sec), the 
second is that sand mass was covered during the tests using a plastic cover preventing as 
much as possible the evaporation of the water from the sand mass. The water content of 
the sand specimens taken from different depths was determined at the end of the test; and 
the suction at d = B (where B is the width of the strip footing) was considered in studying 
the effect of the matric suction on the bearing capacity of the model strip footing. Figure 
(5.20) shows the suction profiles under the strip footing in the tests.  
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Figure (5.19) The changes in the applied matric suction during the bearing capacity 
test of strip footing on dense unsaturated Hostun sand (e0 = 0.66, Suction = 2.1 kPa) 
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Figure (5.20) Suction profiles under the strip footing in the bearing capacity tests 
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5.4  Soil water characteristic curves (SWCCs) 
Soil water characteristic curves were investigated by performing drying and 
wetting paths  for the pure Hostun sand (e0 = 0.66), pure Spergauer kaolin wopt = 22.80%, 
γd,max  = 1.51 Mg/m3), and the three mixtures A (95% sand, 5% kaolin with wopt = 14.29%, 
γd,max = 1.60 Mg/m3), B (90% sand, 10% kaolin with wopt = 13.80%, γd,max = 1.68 Mg/m3), 
and C (70% sand, 30% kaolin with wopt = 13.00%, γd,max = 1.88 Mg/m3).  
The changes of mass of the specimens by time are given in Figure (5.21) and 
Figure (5.22). Figure (5.21) is for the experiments performed in the pressure plate 
extractor at suction of 20 and 400 kPa and Figure (5.22) is for experiments performed 
using vapour equilibrium technique at suction of 3000 and 30000 kPa. Figure (5.23) 
shows the SWCCs for the pure Hostun sand, pure Spergauer kaolin, and mixtures A, B, 
and C.  
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Figure (5.21) Measured mass of mixture B specimen due to applied suction during 
drainage path in the pressure plate extractor 
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Figure (5.22) Measured mass of mixture B specimen due to applied suction during 
drainage path using vapour equilibrium technique 
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Figure (5.23) SWCCs (drying & wetting) of the materials used 
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CHAPTER 6  
ANALYSIS AND DISCUSSION 
6.1 General  
In this chapter, the discussion of the experimental results of the tests performed 
using the new double-wall biaxial device is presented. The discussion brought out in this 
chapter includes comparison of the results of this study with other results from the 
literature (e.g., Desrues and Hammad, 1989; Han and Vardoulakis, 1991; Alshibli and 
Sture, 2000; Wanatowski, 2005). Emphasis is given to compare the results of the present 
study with the results obtained in Grenoble, France by Prof. Desrues and his co-workers 
in the last three decades.  
Comparisons between the measured and predicted shear strength calculated using 
two approaches proposed by Vanapalli et al. (1996) and by Khallili and Khabbaz (1998) 
are presented as well. The measured ultimate bearing capacity of unsaturated Hostun sand 
is compared to the predicted one calculated using the approaches proposed by Vanapalli 
and Mohamed (2007). The results of SWCCs tests are also discussed and the effect of the 
fine content on the characteristics of soil water characteristic curves is clarified.   
6.2 Discussion of the biaxial tests’ results on dry Hostun sand 
Discussion of results of biaxial tests on the dense and loose dry specimens will be 
presented in two sections. The first section discusses the results relevant to stress-strain 
behaviour. (i.e., angle of internal friction, angle of dilatancy, elasticity modulus). The 
second section will focus on the results relevant to shear banding (i.e., shear band 
inclination angle and the thickness of the shear band). 
6.2.1   Stress-strain behaviour of dry Hostun sand 
In this chapter, the results of the dense and the loose Hostun sand are referred to 
as (D) and (L), respectively. Whereas the Grenoble’s biaxial results of dense and loose 
Hostun sand are referred as (GD) and (GL), respectively. In addition, some triaxial results 
obtained in Grenoble on dense Hostun sand are referred as (GTD). Figure (6.1) shows the 
effect of the applied confining pressure on the maximum angle of friction (φp). The 
results of biaxial and triaxial tests on Hostun sand obtained in Grenoble are also shown in 
Chapter 6: Analysis and discussion 
 
 118
the figure. The highest values of φp were measured under the lowest confining pressures. 
By increasing the confining pressure the maximum friction angle decreases. The friction 
angles measured for dense Hostun sand specimens are 55.8 º and 42.8º for confining 
pressures of 5 kPa and 600 kPa, respectively. The angle of friction at peak (φp) was 
calculated using the following equation: 
ppp )``/()``(sin 3131 σσσσφ +−=                               (6.1)
where σ`1 is the major principle effective stress at peak; σ`3 is the minor principle 
effective stress at peak. Figure (6.1) shows that the maximum angle of friction in plane-
strain conditions is higher than that deduced from the triaxial test. This agrees with the 
observations in other researches (e.g., Conforth, 1961; Lee, 1970; Marachi et al., 1981; 
Hanna, 2001). The present results agree well with the results obtained in Grenoble on 
Hostun sand specimens tested in a biaxial device. 
Similar changes of friction angle with pressure were also observed in triaxial tests. 
Example is given in Figure (6.2) where the results of triaxial tests on two types of sands 
presented by Kutter et al. (1988) show that the friction angle varies about 15° by 
changing the confining pressure in the range of 50-1500 kPa.  
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Figure (6.1) Angle of internal friction at peak versus confining pressure 
 
Figure (6.2) Peak friction angle versus mean normal stress (Kutter et al., 1988) 
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The internal angle of friction is not constant for a given soil, even the void ratio is 
constant, but rather changes greatly depending on the following factors: the confining 
pressure, principle stress direction with respect to the bedding plane (anisotropy), and the 
intermediate principle stress (Oda and Iwashita, 1999). It is important to obtain c and φ 
from test data in the pressure range which will be felt in the soil (Kutter et al., 1988). 
By straining the specimen, the dilatancy angle increases until it reaches a 
maximum value. Beyond this maximum value, and by continuing loading the specimen, 
the dilatancy angle decreases and reaches constant low value at the end of loading (i.e., in 
constant volume conditions). The mobilized angle of dilatancy versus the axial strain in 
biaxial test on dry Hostun sand under confining pressure of 15 kPa is shown in Figure 
(6.3). The angle of dilatancy was calculated using the following equation:                                                   
    (6.2)
where γ is the shear strain (γ = ε1–ε3); ευ  is the volumetric strain (in axisymmetric 
conditions: ευ =  ε1+ε2 +ε3, in plane-strain condition: ευ =  ε1+ε3). 
 Figure (6.4) shows the relationship between the maximum angle of dilatancy and 
the confining pressure in the present study. In addition, the results of biaxial and triaxial 
tests on Hostun sand obtained in Grenoble are also plotted in the figure. The figure shows 
that the maximum angle of dilatancy is clearly affected by the confining pressure. It can 
be seen that the dilatation’s tendency of the soil decreases by increasing the confining 
pressure. The maximum angle of dilatancy is measured at the lowest confining pressure. 
The dilatancy angles measured for dense Hostun sand specimens are 20.6 º and 11.1º for 
confining pressures of 5 kPa and 600 kPa, respectively.  
Figure (6.4) shows good agreement between the results of the present study and 
the biaxial results obtained in Grenoble. Small differences were noticed between the 
dilatancy angles in plane-strain (biaxial) conditions and that in axisymmetric conditions 
(triaxial). Table (6.1) summarizes the maximum angles of friction and dilatancy for the 
dense and loose Hostun sand in a wide range of confining pressures (5-600 kPa).  
The dilatancy angle may be considered independent of testing conditions. Schanz 
and Vermeer (1996) reported a dilatancy angle of 13.3-14.0º for dense Hostun sand 
specimen tested in triaxial test under confining pressure of 300 kPa. In the present study, 
dense Hostun sand specimen tested under the same confining pressure shows a dilatancy 
angle of 13.3-13.8º. This is also supported by the data presented by Bolton (1986). 
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Figure (6.3) Mobilized angle of dilatancy versus axial strain (σ3 = 15 kPa) 
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Figure (6.4) Maximum angle of dilatancy versus confining pressure (the result of this 
study and data from Grenoble) 
 
Table (6.1) Summary of the maximum angles of friction  and dilatancy for the dense  
and loose Hostun sand 
 Dense sand Loose sand 
Confining  pressure, σ3 (kPa) 5 - 600 50 - 150 
Maximum  angle of friction, φmax (Deg) 55.8 - 42.8 39.6 - 36.4 
Maximum Angle of dilatancy, ψmax  (Deg) 20.6 - 11.1 2.8 - 1.4 
 
Schanz and Vermeer (1996) presented an equation to calculate the mobilized 
angle of dilatancy in plane-strain conditions as follow: 
ps
cv
ps
m
ps
cv
ps
m
m φφ
φφψ
sinsin1
sinsin
sin −
−=  
 
(6.3) 
 
where ψm is the mobilized angle of dilatancy, φm is the mobilized angle of friction, 
and φcv is the constant volume angle of friction.  
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The subscript (m) indicates the dependency of the angle of dilatancy on the level 
of the applied strain. The superscript (ps) was used to denote that the angle of friction 
should be determined under plane-strain conditions. 
 Figure (6.5) exemplary presents the changes in the mobilized angle of dilatancy, 
(ψm) calculated using Equations (6.2) and (6.3) versus shear strain in biaxial compression 
test on dry Hostun sand specimen tested under confining pressure of 100 kPa. The figure 
shows that, for this confining pressure (i.e., 100 kPa), the mobilised angle of dilatancy 
calculated by the equation proposed by Schanz and Vermeer (1996) is lower than that 
obtained by the general definition. 
The comparison between the maximum angle of dilatancy (for dense and loose 
sand) calculated using both Equations (6.2) and (6.3) versus the confining pressure is 
presented in Figure (6.6). The comparison between the maximum angle of dilatancy 
calculated using the general definition (based on the shear strain), ψγ, and the equation 
proposed by Schanz and Vermeer (1996) (based on the angles of internal friction), ψφ, 
shows that the proposed expression by Schanz and Vermeer (1996) underestimates the 
value of the maximum angle of dilatancy for both dense and loose specimens for high 
confining pressure. For low confining pressures, Schanz and Vermeer’s equation gives 
higher values. Figure (6.7) shows the differences in maximum dilatancy angle using both 
equations versus confining pressure.  
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Figure (6.5) Mobilized angle of dilatancy (ψm) calculated using Equations (6.2) and 
(6.3) versus shear strain (γ = ε1-ε3) in biaxial compression test on dry Hostun sand 
specimen tested under confining pressure of 100 kPa 
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Figure (6.6) Maximum angle of dilatancy calculated using Equations (6.2) and (6.3) 
versus confining pressure for dense and loose specimens 
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Figure (6.7) Differences in maximum dilatancy angle using both equations versus 
confining pressure for dense and loose specimens  
Bolton (1986) examined the strength and dilatancy of 17 sands from plane-strain 
and triaxial tests. A simple correlation between the friction angle at peak, critical state 
friction angle, and dilatancy angle was proposed as follow: 
cvp φψφ += 8.0                                                    (6.4)
where φp is the angle of friction, φ cv is the constant volume angle of friction, and ψ  is the 
angle of dilatancy.  
Figure (6.8a) shows the maximum angle of friction at peak versus the maximum 
angle of dilatancy with comparison to Bolton’s Equation. In this figure, the dilatancy 
angles, for the dense and loose specimens, were calculated using the general definition 
(i.e., Eq. (6.2)) and the equation proposed by Schanz and Vermeer (1996) (i.e., Eq. (6.3)).  
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The experimental results of friction angles fit well with the values calculated 
using Bolton’s equation. The best fitting lines of the experimental results of this study 
follow the following equations: φp = 0.77ψ + φcv (if dilatancy angle is calculated using 
Eq. (6.2)) and φp = 0.71ψ + φcv (if dilatancy angle is calculated using Eq. (6.3)). Both 
equations are very close to Bolton’s equation (i.e., φp = 0.8ψ + φcv). 
To evaluate the results of the present study, regarding the relationship between the 
maximum angle of dilatancy and maximum angle of friction in plane-strain conditions, 
data obtained from several researches is represented in Figure (6.8b).  
The comparison reveals that the results of Hostun sand in the present study and 
that obtained in Grenoble fit well with Bolton’s equation. The results obtained by 
Vardoulakis et al. (1978) on Karlsruhe sand (d60 = 0.38 mm) and Alshibli and Sture 
(2000) for fine sand (d50 = 0.22 mm) also agree well with Bolton’s equation which is not 
the case of coarse sand (d50 =1.6 mm) tested by Alshibli and Sture (2000). In other 
researches as done by Wanatowski and Chu (2007) on Medium-grained poorly graded 
clean Changi sand (d50 = 0.3 mm) and by Conforth (1961) on Brasted sand (d60 = 0.29 
mm), Bolton’s equation correctly predicts the trend but it dose not agree well the 
experimental data. The fitting equations from several studies on different types of sands 
are presented in Table (6.2). 
The relationship between the axial strain at peak, ε1p, and the confining pressure 
for dense sand specimens is shown in Figure (6.9). The axial strain at peak increases as 
the confining pressure increases. Comparison with the results of triaxial and biaxial tests 
on dense Hostun sand specimens done in Grenoble is also shown in Figure (6.9). Good 
agreement was noticed between the present study’s results and Grenoble’s results.  
Table (6.2) Comparison of fitting equations form several researches  
Reference Material used Fitting equation 
This study, using Eq. (6.2) Hostun sand, d50 = 0.36 mm φp = 0.77ψ + φcv 
This study, using Eq. (6.3) Hostun sand, d50 = 0.36 mm φp = 0.71ψ + φcv 
Hammad and Desrues (1991) Hostun sand, d50 = 0.36 mm φp = 0.76ψ + φcv 
Alshibli and Sture (2000) Fine sand, d50 = 0.22 mm φp = 0.78ψ  + φcv 
Wanatowski and Chu (2007) Medium-grained poorly graded Changi sand, d50 = 0.3 mm 
φp = 0.34ψ + φcv 
Conforth (1961) Brasted sand, d60 = 0.29 mm φp = 0.3ψ + φcv 
Vardoulakis (1980) Karlsruhe sand, d60 = 0.38 mm φp = 0.81ψ + φcv 
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Exp. results
 best fitting, Eq. (6.2)
φp = 0.77ψ max+ φcv
Exp. results
 best fitting, Eq. (6.3)
φ p= 0.71ψ max + φcv
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Figure (6.8) Maximum angle of dilatancy versus maximum angle of friction with 
comparison with Bolton’s equation: (a) the results of the present study: the dilatancy 
angle was calculated using Equations (6.2) and (6.3); (b) the results of the present 
study with other biaxial results from the literatures  
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Figure (6.9) Axial strain at peak, ε1p, versus confining pressure for dense Hostun sand 
(data of present study and from Grenoble)  
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Figure (6.10) Shear strain at peak versus the shear strain at maximum dilation  
 
 
Experimental results presented in Figure (6.9) show that the triaxial specimens fail 
at higher values of axial strain than the biaxial specimens do. This coincides with the 
results of several researches (e.g., Conforth, 1961; Lee, 1970; Marachi et al., 1981; 
Hanna, 2001).  
From the stress-strain curves, it is found that the maximum rate of dilation occurs 
at shear strain slightly lower than that at the maximum deviator stress. Figure (6.10) 
shows the relationship between the shear strain at maximum deviator stress (γΔσmax) and 
the shear strain at maximum dilation (γψmax). In addition, by plotting the difference (δγ) = 
γψmax - γΔσmax, it can be noticed that for the dense and loose specimens, the difference (δγ) 
increases with increasing confining pressure as it shown in Figure (6.11). 
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Figure (6.11) Confining pressure versus the difference between the shear strain at peak 
and the shear strain at maximum dilation (δγ) 
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Figure (6.12) Stress ratio at peak and the confining pressure in the present study and in 
Grenoble’s tests  
 
Figure (6.12) shows the relationship between the stress ratio at peak, (σ1/σ3)max, 
and the applied confining pressure for the dense and loose Hostun sand specimens. The 
results of biaxial and triaxial tests obtained in Grenoble are also shown in the figure. 
Good agreement is found between the results of the current study and the results obtained 
in Grenoble for both loose and dense specimens. 
 The stress ratio at peak decreases as the confining pressure increases.  The peak 
stress ratio in biaxial test is higher than that in triaxial test when specimens are tested 
under the same confining pressure. The same was observed in other researches (e.g., 
Marachi et al., 1981; Hanna, 2001)  
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The changes in modulus of stiffness with the confining pressure are presented in 
Figures (6.13) and (6.14). The secant moduli of stiffness at peak (E100) and at 50% of the 
peak stress (E50) were determined as follows: 
 max
1
max
100 ε
σΔ=E                                                                                                                 (6.5) 
 %50
1
max
50
5.0
ε
σΔ=E                                                                                                        (6.6) 
where  Δσ max = (σ`1-σ`3)max is the deviator stress at peak; ε1max is the axial strain at peak; 
and ε50% is axial strain at 50% of the maximum deviator stress.  
Figures (6.13) and (6.14) show the current study’s results compared to the triaxial 
and biaxial results of Grenoble. The comparison shows good agreement, for both the 
dense and loose specimens, with Grenoble’s results. The modulus of stiffness determined 
in plane-strain conditions is higher than that determined using the results of the triaxial 
test. Similar conclusion was also reported by Lee (1970). 
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Figure (6.13) Secant modulus of stiffness (E50) versus confining pressure  
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Figure (6.14) Secant modulus of stiffness (E100) versus confining pressure  
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6.2.2   Shear banding in dry Hostun sand 
The confining pressure affects clearly the angle of the shear band inclination for 
the loose and dense Hostun sand specimens. By increasing the confining pressure the 
angle of shear band inclination, θm, decreases as it is shown in Figure (6.15). The angle of 
shear band inclination for dense sand specimen decreases from 68.7º to 56.1º when the 
confining pressure increases from 5 to 600 kPa. The angle of shear band inclination, θm, 
was measured at the end of the tests in respect to the direction of minor stress (σ3) as it is 
illustrated in Figure (5.16). 
 The same phenomenon was observed in biaxial tests on Hostun sand in several 
researches (e.g., Desrues, 1984; Hammad, 1991; Mokni, 1992), Karlsruhe sand 
(Vardoulakis et al., 1978), crushed silica sand (Alshibli and Sture, 2000), and Ottawa 
sand (Han, 1991). Figure (6.15) shows the measured angles of shear band inclination 
versus the confining pressure for Hostun sand (present study and Grenoble’s results), 
Ottawa sand (Han, 1991), coarse, medium, and fine sand (Alshibli and Sture, 2000), and 
Toyoura sand (Tatsuoka et al. 1986, 1990). 
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Figure (6.15) Comparison between the measured angle of shear band inclination in this 
study and other experimental measurements from the literatures (Hammad, 1991; Han, 
1991; Alshibli and Sture, 2000; Tatsuoka et al. 1986, 1990) 
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The measured angle of shear band inclination, θm, and three well-known 
theoretical solutions for shear band inclination that are the Coulomb’s solution (θC = 
45°+φ/2), the Arthur’s solution (θA = 45°+ψ /2), and the Roscoe’s solution (θR = 
45°+φ/2+ψ/2) are presented in Figures (6.16) and (5.17) for loose and dense sand, 
respectively. The Coulomb, Arthur, and Roscoe solutions are refereed to as C, A, and R, 
respectively.  
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Figure (6.16) Theoretical and experimental shear band inclination versus confining 
pressure for the loose Hostun sand specimens  
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Figure (6.17) Theoretical and experimental shear band inclination versus confining 
pressure for the dense Hostun sand specimens 
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It is of use also to show the relationship between the measured and the theoretical 
solutions of the angles of the shear band inclination using the data obtained in Grenoble. 
Figures (6.18) and (6.19) show the comparison between the theoretical and Grenoble’s 
results for dense and loose Hostun sand, respectively. 
The measured values of the shear band inclination, θgm, in Grenoble’s tests are 
very close to the Coulomb’s solution (θC = 45°+φ/2) especially for the loose sand; 
whereas the measured θm in the current study, for both dense and loose sand, fits well 
with Arthur’s solution (θA = 45°+ ψ /2).  
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Figure (6.18) Theoretical and experimental shear band inclination versus 
confining pressure for loose sand specimens (data of Grenoble’s biaxial tests) 
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Figure (6.19) Theoretical and experimental shear band inclination versus 
confining pressure for dense sand specimens (data of Grenoble’s biaxial tests) 
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The differences between the measured angels of shear band inclination in the 
present study and Grenoble’ results can be attributed to the different methods adopted in 
measuring the shear band inclination. In the current study the angle of the shear band 
inclination was measured at the end of the test manually using a scale, whereas in 
Grenoble’s tests the shear band onset was determined using photogrammetry technique 
and the angle of the shear band inclination was measured at the onset of the shear band. 
Observing the onset of the shear band in the tests done Grenoble was possible 
because the side platens used to impose the plane-strain conditions were made of 
transparent acrylic, whereas in the current version of the double-wall biaxial device these 
walls are made of stainless steel and it is not possible to observe the onset of the shear 
band.  
The changes in the angle of shear band inclination due to continuing straining the 
specimen after the onset of the shear band were observed in several researches (e.g., 
Finno et al., 1996, 1997; Alshibli and Sture, 2000). Finno et al. (1997) reported 
differences of 3° between the angle of shear band inclination measured at the onset of the 
shear band and at the end of the test. This observation suggests that comparing the shear 
band orientation angles from the literatures may not give accurate conclusions.  
Table (6.3) summarizes the measured angles of shear band inclination of dry 
dense Hostun sand in this study and in the tests done by Hammad (1991) in Grenoble. 
 
Table (6.3) Summary of the measured angles of shear band inclination 
Current study, θm (Deg) Grenoble, θgm (Deg) 
Confining pressure (kPa) Dense sand 
(e0 = 0.66) 
Loose sand 
(e0 = 0.89)  
Dense sand 
(e0 = 0.65) 
Loose sand 
(e0 = 0.89) 
5 68.7    
10 66.5    
15 66.4    
50 63.9 56.7   
100 61.0 56.3 68.5 62.5 
150 - 56.1   
200 -  65.5 61.5 
300 60.4    
400 58.1  64  
600 56.1    
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Alshibli and Sture (2000) presented two photographs of a dense Ottawa sand 
specimen at different stages of loading (i.e., at axial strain of 9% and 19%). The shear 
band is less steep at axial strain of 19% comparing to that at axial strain of 9 %. The angle 
of shear band inclination is 55.6° and 48.7° for the specimen at axial strain of 9 % and 19 
% respectively. The difference between the angles measured at two different stages of 
loading was about 6.9°. 
The shear band inclination angle decreases by a few degrees between the first and 
the last available photographic increment (Finno et al., 1997). In the researches done 
concerning shear band inclination, the shear band inclination angles were measured at the 
onset of the shear bands when special techniques, such as stereophotogrammetry are 
available (e.g. Mokni, 1992). When such techniques are not available, the shear band 
inclinations were determined at the end of the tests (e.g., Han & Vardoulakis, 1991). 
Wanatowski and Chu (2005) used the measurements of the intermediate stress 
(σ2) to detect the onset of shear band within the tested specimen. The divergence of the 
local values of σ2 (obtained from four individual pressure transducers, two in each wall) 
is considered as an indication of the onset of the shear band in the specimen. 
Concerning the results of the current study, good agreement with Grenoble’s 
results can be achieved by adding an additional inclination to the measured angle of about 
7° as shown in Figure (6.20). The figure shows the comparison between Grenoble’s data 
and the modified angle of shear band inclination (θm+7°) for dense and loose sand. 
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Figure (6.20) Comparison between the modified measured angle of shear band in the 
current study (θm+7°) and the results obtained in Grenoble (θgm) 
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 Measuring shear band thickness is very useful for a better understanding of the 
deformation and localization mechanisms of granular materials during shearing and to 
help in calibrating the theoretical models (Alshibli and Hasan, 2008).  
The shear band thicknesses reported in the literature are in the range 8-20d50 
where d50 is the mean particle size. Roscoe (1970) used the X-radiography techniques to 
measure the shear band thickness. He found that the shear band thickness is about 20d50.  
Vardoulakis et al. (1980) found the shear band thickness to be about 16d50. Batiste et al. 
(2004) reported that the shear band thickness varies in the range 8.33d50 to 16.68d50.  
Oda and Iwashita (1999) reported that the ratio t/d50 is in the range of 7-10. 
Higher ratios, over 30, were reported by Mokni (1992) and Harris et al. (1995) in loose 
sand specimens. A possible reason for this difference is that in looses sands, the contrast 
between inside and outside the shear band is not clear, and the shear band boundaries can 
easily move outward producing wider band (Oda and Iwashita, 1999).  
Alshibli and Sture (1999) concluded from plane-strain tests on three types of sand 
(fine, medium, coarse) that, for the same sand, the shear band thickness is directly 
proportional to specimen dilatancy angle and that the normalized shear band thickness 
(t/d50) decreases as sand grain size increases and as density decreases. Alshibli and Hasan 
(2008) reported an average thickness of the shear band from 2.4 mm (10.9d50) to 3.0 mm 
(13.6d50). Yoshida et al. (1994) reported shear band thickness of 6.2 mm and 2.8 mm 
(20d50-9.3d50) in dense Hostun sand specimens tested under confining pressure of 80 kPa 
and 400 kPa, respectively.  
Regarding shear band thickness in Hostun sand, Mokni (1992) reported shear 
band thickness of 7.2-7.6 mm (20.6d50-21.7d50) in dense specimens. His results confirmed 
that the shear band thickness increases with increasing the mean grain size.  
As shown in Figure (5.11), the shear bands observed in biaxial tests have a 
noticeable thickness of about 5-7 mm (14d50-20d50). The shear band can be seen through 
the membrane at the end of the test and it is measured using a scale. This method can lead 
to over-estimation of the shear band thickness because the measured thickness includes 
the thickness of the twisted membrane (Oda and Iwashita, 1999). The differences 
between the shear band thickness in the present study and obtained by Mokni (1992) for 
the same sand can be attributed mainly to the fact that he measured the thickness of the 
shear band at the onset of the shear band. Table (6.4) summarises the shear band 
thickness in this study and from the literatures 
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           Table (6.4) Thickness of shear band (this study and data from the literatures)  
Reference Material t (mm) 
Roscoe (1970) Leighton Buzzard sand 20d50 
Fine sand, d50 = 0.2 mm 18.5d50 Muehlhaus and Vardoulakis 
(1987) Karlsruhe sand, d50 = 0.33 mm 13d50 
Mokni (1992) Hostun sand, d50 = 0.32 mm 20.6d50 - 21.7d50 
Toyoura sand, d50 = 0.2 mm 8d50 Oda and kazama (1998) 
Ticino sand, d50 = 0.53 mm 7-8d50 
Alshibli and Hasan (2008) Ottawa sand, d50 = 0.34 mm 10.9d50 - 13.6d50 
Current study Hostun sand, d50 = 0.36 mm 13.8d50 - 20d50 
6.3 Discussion of the biaxial tests’ results on unsaturated Hostun sand 
Discussion of results of the biaxial results on unsaturated dense sand specimens 
will be presented in two sections. Firstly, the results relevant to the effect of the matric 
suction on the stress-strain behaviour will be discussed. The second section presents the 
effect of the matric suction on the shear band inclination angle. 
6.3.1   Stress-strain behaviour of unsaturated Hostun sand 
Figures (5.11), (5.12), and (5.13) showed the stress-strain curves in three sets of 
tests (i.e., B10, B50, and B100). The curves of the volumetric strain versus axial strain (in 
each set) are almost identical up to axial strain of about 4%. 
The shear strength of unsaturated sand is higher than that of saturated sand which 
represents the minimum shear strength of a soil. Figure (6.21) shows the effect of the 
matric suction on the maximum measured deviator stress in biaxial tests on unsaturated 
Hostun sand in three sets of tests. The soil water characteristic curve (SWCC) of dense 
Hostun sand is shown in the figure. It can be noticed that the maximum deviator stress is 
consistent with value of matric suction slightly higher than the air-entry value of the 
tested sand (AEV = 1.7 kPa). Figure (6.21) shows that the maximum deviator stress, 
Δσmax, increases with increasing the matric suction. The maximum deviator stress is 
consistent with matric suction value of 2 kPa. Beyond this value of matric suction, the 
shear strength drops off to a lower value until it reaches, at high values of matric suction, 
the minimum shear strength (i.e., the shear strength at saturation conditions).  
The shapes of the shear strength curves with respect to matric suction in the 
present study on unsaturated Huston sand are similar to those measured by Donald 
(1956). Figure (6.22) shows the results of direct shear tests conducted by Donald (1956) 
on different types of sands under low matric suctions (i.e., up to 40 kPa). The shear 
strength of the tested sands increases firstly by increasing the matric suction and reaches a 
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peak point at specific value of matric suction. Beyond this value, the shear strength 
decreases and reaches, at high values of matric suction, its minimum value (i.e., the shear 
strength at fully saturated conditions). 
 A similar behaviour was observed, as shown in Figure (6.23), in the testing of a 
decomposed tuff from Hong Kong (Fredlund et al., 1996; Gan and Fredlund, 1996). In 
this figure, it is shown that the shear strength drops off at high matric suctions.  
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Figure (6.21) Effect of the matric suction on the maximum deviator stress  
                 
 
Figure (6.22) Results of direct shear tests on sands under low matric suctions 
(modified from Donald, 1956), Fredlund and Rahardjo (1993) 
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Figure (6.23) Peak shear strength versus suction envelope (Fredlund et al., 1996; Gan 
and Fredlund, 1996) 
 
  
Figure (6.24) Stress-strain curves for sand at various matric suctions under the effect of 
50 kPa net confining pressure (Farouk et al., 2004) 
 
Farouk et al. (2004) presented results of triaxial tests on unsaturated sand. As 
shown in Figure (6.24), increasing the matric suction results in increasing the maximum 
deviator stress. The maximum deviator stress is consistent with a matric suction of 50 
kPa. By further increasing of the matric suction to 150 kPa, the deviator stress decreases. 
The behaviour of the unsaturated sand is relatively different compared to clayey 
soils behaviour regarding to the increasing of the shear strength with the matric suction. 
For clayey soils, the increase in shear strength continues up to high value of suction is 
reached whereas the unsaturated sands start to loose the additional strength deduced from 
the applied matric suction at low values of matric suction. 
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Figure (6.25) Effect of matric suction on the maximum angle of dilatancy 
Figure (6.25) shows the relationship between the applied matric suction, (ua-uw), 
and the maximum angle of dilatancy, ψmax. It can be concluded that the maximum angle 
of dilatancy is almost constant for unsaturated sand specimens when sheared under 
several values of matric suction at the same net confining pressure. 
 From the current study’s results and other data obtained from the literatures, it is 
clear that data available are not enough to completely understand the effect of the matric 
suction on the dilation behaviour of unsaturated soil. More experimental studies are 
required on different types of unsaturated soils before the matric suction effect on the 
angle of dilatancy can clearly defined.  
The relationship between the applied matric suction and the axial strain at peak, 
ε1peak, in the three set of tests is shown in Figure (6.26). It can be concluded that the 
matric suction, when the net confining pressure kept constant, affect very slightly the 
peak axial strain. Table (6.5) summarises the average strain at peak for each set.  
Figure (6.27) shows the relationship between the shear strain at peak (γΔσmax) and 
the shear strain at maximum rate of dilation (γψmax) for the three sets of tests. The 
maximum rate of dilation occurs at a shear strain slightly lower than that corresponding to 
the maximum deviator stress (i.e., peak). Almost all the points representing the tests on 
saturated and unsaturated Hostun sand for different values of net confining pressure and 
matric suction lie under the 1:1 line. The same phenomenon was observed for dry Hostun 
sand (dense and loose) tested under several confining pressures (see Figure (6.10)). 
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Table (6.5) Axial strain at peak in the three set of tests 
Set Net confining pressure (kPa) Axial strains at peak, ε1peak (-) ε1peak av. (-) 
B10 10 0.017-0.192 0.021 
B50 50 0.0217-0.028 0.025 
B100 100 0.033-0.04 0.038 
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Figure (6.26) Matric suction versus axial strain at peak in the three sets of tests 
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Figure (6.27) Shear strain at maximum rate of dilation versus shear strain at peak 
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6.3.2    Shear banding in unsaturated Hostun sand  
The relationship between the measured shear band inclination, θm, and the applied 
matric suction is shown in Figure (5.16). The angle of shear band inclination, θ m, was 
measured at the end of the tests in respect to the direction of minor stress (σ3) as it is 
illustrated in Figure (5.16).  
The measured angles of shear band inclination at the end of the test in the three 
sets of tests are summarized in Table (6.6). The table shows that the maximum 
differences in the measured angle of shear band inclination were 1.3º, 1.1º, and 1.4º for 
tests under net confining pressures of 10 kPa, 50 kPa, and 100k Pa, respectively. It can be 
concluded that shearing unsaturated dense sand specimens under the same net confining 
pressure and different values of matric suction results in slight differences in the 
measured angle of shear band inclination. General conclusion can be drawn that the shear 
band characteristics are basically affected by the confining pressure.  
As known to the author, in the available published researches, there are no 
experimental data regarding the effect of the matric suction on the characteristics of shear 
band (i.e., angle of inclination and shear band thickness).  
6.4 Discussion of the bearing capacity tests’ results  
The load-settlement curves of the tests under different matric suction were 
presented in Figure (5.17). Analysing these curves showed that the ultimate bearing 
capacity of model strip footing increases by increasing the matric suction and reaches its 
maximum value at a value of matric suction (i.e., 2.1 kPa) slightly higher than the air 
entry value of the tested sand (AEV = 1.7 kPa). Beyond this value of matric suction, the 
ultimate bearing capacity of the model strip footing starts to decrease by increasing the 
applied matric suction as shown in Figure (6.28). This observation coincides with the 
results of the tests on unsaturated Hostun sand tested in this study in new biaxial device. 
Table (6.6) Angle of shear band inclination, θ m, in unsaturated dense sand 
Matric suction  (ua-uw) (kPa) 0 2 3 4 8 20 
Net confining pressure (σ3-ua) (kPa) Measured angle of shear band, θ m (degree) 
10 66.5 65.7 66.9 66.9 66.4 66.7 
50 63.9 62.9 63.5 63.5 63 62.9 
100 61.3 61.5 62.6 62.6 61.4 62.2 
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Figure (6.28) Ultimate bearing capacity versus matric suction 
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Figure (6.29) Settlement at maximum load versus matric suction 
Figure (6.29) shows the settlement at peak load versus matric suction in bearing 
capacity tests. It can be seen that relatively large settlement is required to achieve the 
maximum bearing capacity.  
The peak settlement of the model strip footing at peak increases by increasing the 
matric suction and reaches a maximum value at suction value of 2.1 kPa which is 
consistent with the maximum ultimate bearing capacity of the model footing. For further 
increments of suction, the required settlement to reach the ultimate load decreases and 
reaches (at high value of suction) almost the same peak settlement of saturated sample. 
For typical shallow foundations in granular soils, settlement considerations are 
more critical than bearing capacity considerations (Jeyapalan and Boehm, 1986; Tan and 
Duncan, 1991; Berardi and Lancellotta, 1994). The design of shallow foundations in 
granular soils is generally governed by the settlement criteria rather than by the bearing 
capacity (Sivakugan and Johnson, 2004). 
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6.5 Prediction of shear strength and bearing capacity of unsaturated sand 
Several empirical procedures were proposed for predicting the shear strength of 
unsaturated soil (e.g., Vanapalli et al., 1996; Fredlund et al., 1996; Oberg and Sallfours, 
1997; Khalili and Khabbaz, 1998; Bao et al., 1998). In the proposed procedures, the key 
tools are the relationship between the water content or degree of saturation and soil 
suction and the saturated shear strength parameters.  
In this study, two approaches will be adopted. The first is that proposed by 
Vanapalli et al. (1996). The second approach is that proposed by Khallili and Khabbaz 
(1998). The first method considers the concept of two stress state variables (Fredlund and 
Morgenstern, 1977) whereas the second method depends on the concept of single 
effective stress (Bishop, 1959). For predicting the ultimate bearing capacity, the approach 
presented by Vanapalli and Mohamed (2007) is used. 
6.5.1   Prediction of shear strength of unsaturated sand  
As mentioned in Chapter 2, two main shear strength equations of unsaturated soil 
were presented by Bishop (1959) and Fredlund and Morgenstern (1978). Bishop’s 
equation is an extension of the shear strength equation of saturated soil considering one 
stress state variable (concept of effective stress). Fredlund and Morgenstern (1977) 
presented the concept of two stress state variables and used this concept in describing the 
mechanical behaviour of unsaturated soil. 
Bishop (1959) proposed an equation to determine the shear strength of 
unsaturated soil as follow:  
[ ] `tan)()(` φχστ waa uuuc −+−+=  (6.7)
Fredlund et al. (1978) proposed the following equation to explain the shear 
strength of unsaturated soils:    
b
waa uuuc φφστ tan)(`tan)(` −+−+=  (6.8)
Vanapalli et al. (1996) proposed a function for predicting the shear strength of an 
unsaturated soil using the soil-water characteristic curve and the saturated shear strength:       
`tan)(`tan)(` φφστ κsuuuc waa −+−+=    (6.9)
where κ is fitting parameter (κ = 1 for sands) and S is the degree of saturation.  
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Obergand Sallfors (1997) proposed an equation to predict the shear strength, τ, of 
non-clayey soils as sands and silts as follow: 
`tan)(`tan)(` φφστ Suuuc waa −+−+=    (6.10 )
Obergand Sallfors (1997) simply replaced the χ  parameter in Bishop’s equation 
with the degree of saturation. It can be noticed that this equation coincides with the 
equation proposed by Vanapalli et al. (1996) in case of sand (where κ = 1). For 
interpreting the biaxial results, it is more convenient to write Equation (6.9) as follow:  
( ) ( ) ( ) ` cos  ` tanS `sin
2
``cos
2
k3131 ϕϕϕσσϕσσ waa uuuc −+⎟⎟⎠
⎞
⎜⎜⎝
⎛ −++=−                          (6.11 )
where σ1 and σ3 are the total major and minor principle stress, respectively. 
According to Khallili and Khabbaz (1998), the parameter χ  in the equation 
proposed by Bishop (1956) can be given as: 
( )
( )
55.0−
⎥⎥⎦
⎤
⎢⎢⎣
⎡
−
−=
bwa
fwa
uu
uuχ                           (6.12)  
where (ua-uw)f is the matric suction at failure and (ua-uw)b is the air entry value. By 
substituting the χ  parameter in Bishops’ equation, and by reshaping Equation (6.7) to be 
more convenient to represent the results of biaxial tests, the shear strength can be 
predicted using the following equation: 
( ) ( ) ( ) ( )( ) ` cos  ` tan  `sin2``cos2
55.0
3131 ϕϕϕσσϕσσ
−
⎥⎥⎦
⎤
⎢⎢⎣
⎡
−
−−+⎟⎠
⎞⎜⎝
⎛ −++=−
bwa
fwa
waa uu
uu
uuuc  
 
(6.13 )
 
Using Equations (6.11) and (6.13), the shear strength of unsaturated Hostun sand 
was predicted and compared to the measured shear strength. Figure (6.30) shows the 
comparison between the measured qmax, q =
( )
2
max31 σσ − , and predicted qpre using both 
equations for specimens tested under net confining pressure of 10 kPa, 50 kPa, and 100 
kPa, respectively.  
From Figure (6.30), it can be concluded that Equation (6.11) underestimates the 
shear strength in the entire range of matric suction. Equation (6.13) underestimates the 
shear strength at low matric suctions (i.e., 0-5 kPa).  
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Figure (6.30) Measured and predicted shear strength versus matric suction for 
different net confining pressures: (a) 10 kPa; (b) 50 kPa; and (c) 100 kPa 
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The equation proposed by Vanapalli et al. (1996) (i.e., Eq. (6.11)) represents the 
changes in the shear strength with matric suction much better than that proposed by 
Khallili and Khabbaz (1998) (i.e., Eq. (6.13)) does. This can be attributed to the fact that 
the equation proposed by Vanapalli et al. (1996) is based on the concept of stress state 
variables, proposed by Fredlund and Morgenstern (1978), whereas the Equation proposed 
by Khallili and Khabbaz (1998) adopted the concept of single effective stress proposed 
by Bishop (1959).  
Equation (6.11) provides better results of predicted shear strength comparing to 
Equation (6.13); but, the predicted shear strength using Equation (6.11) are lower than the 
measured shear strength for all values of matric suctions and confining pressures. 
 The equation proposed by Khallili and Khabbaz (1998) was also evaluated by 
Vanapalli and Fredlund (2000). They stated that Khallili and Khabbaz’s procedure gave 
reasonable estimates for predicting the shear strength of two of the three soils analysed in 
low suction range, but does not provide good agreement for large suction ranges. 
Vanapalli and Fredlund (2000) compared between different proposed procedures 
to predict the shear strength of unsaturated soil. Three types of soils (Madrid gray clay, 
Red silty clay, and Madrid clay sand) were used to evaluate the proposed procedure. 
These three soils were tested using modified direct shear equipment by Escario and Juca 
(1989). In this comparative study, Vanapalli and Fredlund (2000) concluded that the 
proposed procedure by Vanapalli et al. (1996) provides good comparison between the 
measured and predicted shear strength values for the three soils used. 
Generally, the discrepancy between the predicted and measured shear strength in 
the tests done in this study can be explained by the fact that the prediction equations may 
not be suitable for this type of sand (i.e., uniform sand) which desaturated in a narrow 
range of suction. In addition, the fitting parameters used in the prediction equations may 
affect the results.  
More experimental studies are necessary on different types of soils to better 
understand the shear strength behaviour of unsaturated soils and to develop better 
prediction procedures (Vanapalli and Fredlund, 2000).  
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6.5.2   Prediction of bearing capacity of unsaturated sand   
  
In Chapter 5, the load-settlement curves in bearing capacity tests on unsaturated 
sand for different value of suction are presented in Figure (5.17). The ultimate bearing 
capacity versus matric suction is presented in Figure (6.28).The ultimate bearing capacity 
of unsaturated specimen is 1.2-1.6 times higher in comparison with saturated specimen. 
Vanapalli and Mohamed (2007) proposed the following equation to predict the bearing 
capacity of shallow foundation on unsaturated soil: 
( ) γκκ γφφφ NBNSuuSuucq cavrwabwau 5.0`tan)(`)tan`(tan)(` +−+−−+=  (6.14) 
where qu is the ultimate bearing capacity of the unsaturated soil,  c` is the effective 
cohesion and φ ` is the angle of internal friction, (ua - uw)avr  is the average value of matric 
suction in the pressure bulb, (ua-uw)b  is  the air entry value of the soil, Nγ , Nc are the 
bearing capacity factors, S is the degree of saturation, B is the width of the foundation, γ 
is the unit weight of the soil, and κ is a fitting parameter (for sand: κ = 1). Figure (6.31) 
shows the relationship between the fitting parameter κ and the plasticity index, Ip, for 
different types of soils as proposed by Vanapalli and Mohamed (2007). 
Using Equation (6.14), the bearing capacity of surface model strip model footing 
on unsaturated Huston sand was calculated using the effective fiction angle φ` = 47.1°  
and effective cohesion c` = 0 kPa deduced from biaxial test under confining pressure of 
σ3 = 50 kPa.  Figure (6.32) shows the comparison between the measured and predicted 
ultimate bearing capacity. The soil water characteristic curve (SWCC) of Hostun sand is 
also shown in the figure.  
 
Figure (6.31) Fitting parameter, κ, versus plasticity index for naturally, compacted 
soils (Vanapalli and Mohamed, 2007) 
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  (6.32) Measured and predicted ultimate bearing capacity of unsaturated Hostun sand 
versus matric suction 
 
Figure (6.32) reveals that Equation (6.14) over estimates the ultimate bearing 
capacity of unsaturated sand and fails to predict the trend of the relationship between the 
matric suction and the ultimate bearing capacity. In addition, even for saturated specimen, 
difference between the measured and predicted ultimate bearing capacity was observed. 
The calculated ultimate bearing capacity of the saturated sample is lower than the 
experimental result.  
  Regarding to this difference between the measured and predicted ultimate 
bearing capacity of saturated sample, factors such as the dependency of friction angle on 
the stress level, anisotropic shear strength, scale effect, progressive failure, and shear 
banding should be considered. 
      1- Dependency of friction angle on the stress level and anisotropic shear strength: the 
shear parameters which will be used in the design should be obtained from shear tests 
performed in the pressure range which will be faced in the field. The dependency of the 
friction angle on the stress level was discussed in several researches (e.g., De Beer, 1965; 
Das and Omar, 1994; Banimahd and Woodward, 2006; Tatsuoka et al., 1986; Tatsuoka, 
2000). Bearing capacity factors (Nγ and Nq) can be calculated using the classical 
equations for bearing capacity factors (Meyerhof, 1963; Vesic, 1973, 1975): 
( ) φγ tan12 += qNN                                                                                                (6.15) 
φπφ tan2
2
45tan eN q ⎟⎠
⎞⎜⎝
⎛ += o                                                                                    (6.16) 
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From the ultimate bearing capacity of saturated sample, the magnitude of Nγtest 
was obtained as follow: 
B
qN utest .
2
γγ =                                                                                                             (6.17) 
where qu is the ultimate bearing capacity of saturated sand sample, γ is the soil unit 
weight, and B is the width of the footing. 
 Figure (6.33) shows Nγ (calculated using Eq. (6.15)) versus friction angle. The 
figure shows that Nγtest calculated from the experimental results is Nγtest = 574.26 which is 
higher than Nγ = 407 calculated using the friction angle from plane-strain test under 
confining pressure of 50 kPa (i.e., φ` = 47.1°). If the effective friction angle φ `= 54° from 
plane-strain compression test under confining pressure of 10 kPa is used, a value of Nγ = 
2140.24 is estimated which is significantly higher than Nγtest = 574.26. Nγ will be very 
high as 3177.36 if the friction angle of 55.8° (deduced from biaxial tests under confining 
pressure of 5 kPa) is used.  
 In practice, this over-estimation is balancing somehow by using an under-
estimated value of friction angle (Ttasuoka et al., 1991). This over-estimation is also due 
to the progressive mobilization of friction angle along the potential failure planes 
(Ttasuoka et al., 1991a; Ttasuoka, 2000). 
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Figure (6.33) Bearing capacity factor (Nγ) versus friction angle 
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Tatsuoka (2000) clarified that the stress-strain behaviour of the soil is over 
simplified in the classical soil mechanics. The classical theories ignore several factors 
such as the anisotropic strength, the effect of the pressure level on the internal angle of 
friction, shear banding phenomenon (thereby the effect of the grain size), and the 
different definition of φ between compression tests, simple and direct shear tests. 
      2- Progressive failure: Ttasuoka (2000) reported that the consideration of the pressure 
level-dependency of φ is not sufficient to explain the discrepancy between the classical 
theories and the real behaviour of sand but also the effect of progressive failure of sand 
bed should be considered. Examination of small-scale and large-scale data from Muhs 
(1963) indicated that accounting for the two effects of nonlinear strength behaviour and 
the strain restraint condition was not sufficient to account for discrepancies observed 
between experiment and prediction.  
Muhs (1963) offered the explanation of progressive failure to account for these 
differences. As the load on the model footing is gradually increased, shear strength is not 
simultaneously mobilized at all points on the slip surface under the footing. Shear 
strength is first mobilized at points where shear strains are greatest, with strength 
mobilization progressing to other regions as shear strains develop through the soil body. 
When the peak load of the model footing is reached, only a percentage of the sand along 
the slip plane may be contributing a shear strength that is dependent on the peak friction 
angle of the sand. The remaining regions contribute shear strength dependent on a 
residual state friction angle. The failure of the ground is not simultaneous at all in the 
sense that at any moment of loading, the peak local strength is never mobilised 
simultaneously along the potential failure planes (Tatsuoka, 2000).  
Yamaguchi et al. (1976) presented results that indicate that progressive failure 
becomes more prominent with increasing footing width, or increasing soil confinement, 
for a soil of a given relative density. 
      3- Scale effect: the classical bearing capacity equation a surface model strip footing 
on dry sand can be given as: 
γγ NBq u ..5.0=                                                                                                      (6.18) 
where qu is the ultimate bearing capacity, γ is the soil unit weight; B is footing width; and 
Nγ is the bearing capacity factor.   
Golder (1941) observed that bearing capacity does not, in general, increase 
linearly with footing width as predicted by Equation (6.17). The consequence of this 
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effect is that bearing capacity factors determined from small-scale laboratory tests will 
generally be unconservative when extrapolated to field-size footings (Perkins and 
Madson, 2000).  
The scale effect has been reviewed and discussed in several researches (e.g., De 
Beer, 1963, 1965, 1970; Ovesen, 1975; Yamaguchi et al., 1976; Kutter et al., 1988; 
Kusakabe et al., 1991, 1992).  
The scale effect, as reported by De Beer (1965) is due in part to the nonlinear 
shape of the soil failure envelope. De Beer (1965) compiled several laboratory bearing 
capacity tests results to show that the magnitude of Nγ decreases with B. Kumar and 
Khatri (2008) carried out FEM analysis for a smooth strip footing by taking two well 
defined φ−σ curves from the literature for Hostun and Toyoura sands. They reported that 
the magnitude of Nγ  decreases considerably with increasing the footing width.  
Kumar and Bhoi (2009) reported that for strip footing on sand of 70 mm wide, the 
value of Nγ was very high resulting in higher value of friction angle calculated from the 
back computations. In the present study, the width of the model footing is 80 mm and the 
value of Nγtest = 574.2 is higher than that calculated using classical solutions Nγ = 407.  
Tatsuoka et al. (1991) presented the results of 1g and centrifuge tests. The results 
showed that the ultimate bearing capacity and the corresponding settlement in 1g tests for 
footing width of 230 and 500 mm were smaller than those in the corresponding centrifuge 
tests for footing width of 20 and 30 mm.   
      4- Shear banding: Muehlhaus and Vardoulakis (1987) reported that the width of the 
shear bands is not affected by any geometrical dimensions of soil body other than its 
grain sizes. This conclusion is of great importance in understanding the phenomenon of 
progressive failure in granular soils.  
Coumoulos (1968) using the X-ray techniques in simple shear tests, found that the 
void ratio in the shear zone is much higher than the average one. This agrees with recent 
observation (e.g., Desrues et al., 1996; Alshibli and Sture, 1999; Oda and Iwashita, 2000). 
Oda and Iwashita (2000) reported that large voids appear in shear band, so that the 
resulting local void ratio can exceed the corresponding maximum one determined by the 
standard methods. For example, the void ratio inside the shear band in Soma sand is eband 
= 1.07 is clearly higher than the maximum void ratio determined by the standard method 
(emax = 0.872). Figure (6.34) shows a microscopic photograph of the shear band formed in 
Ticino sand presented by Oda and Iwashita (2000).  
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The dark spots are the large vacant voids. Outside the shear band, the void ratio is 
close to the initial one. The experimental observations by Oda and Iwashita (2000) 
coincide with their numerical simulations. Figure (6.35) illustrates the formation of shear 
bands and the changes in the void ratio in the share bands formed under the model footing 
in bearing capacity test. 
 
Figure (6.34) Large voids (dark spots) visible inside a shear band of Ticino sand 
(Oda and Iwashita, 2000)  
 
Figure (6.35) Shear banding under footing in bearing capacity test on unsaturated sand 
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Ttasuoka et al. (1991) performed bearing capacity tests of strip footing (B = 500 
mm) on Toyoura sand and compared the experimental results to FEM analyses. The FEM 
analyses were done using different procedures (a, b, c, d, and e):  
    (a) The value of φ is isotropic and independent of pressure level. The φ value at low 
pressure level is the highest value for a given mass of sand. 
    (b) The pressure-dependency of φ was considered. 
    (c) In addition to the above, the factor of inherent anisotropy of the deformation and 
strength characteristics of the test sand (see Figure (6.34)) was considered.  
    (d) In addition to the above, the post-peak strain softening was considered. 
    (e) The strain localization into shear bands having a specific thickness was considered. 
In this procedure, the properties of the sand were modelled as close as to the 
actual ones. 
Figure (6.36) shows the he results of FEM analyses with comparison to the 
experimental results. The comparison showed that only the analysis (e), which considers 
the shear banding in sand, is close to the experimental results.  
 
 
Figure (6.36) Experimental results of bearing capacity tests on Toyoura sand with 
comparison to the results of  FEM analyses (Ttasuoka et al., 1991) 
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Regarding to the predicted ultimate bearing capacity of unsaturated sand, it is 
clear that differences are observed between the predicted values using the approach 
proposed by Vanapalli and Mohamed (2007) and measured ones.  
The differences can be attributed mainly to the shape of the soil water 
characteristic of the sand tested. As shown in Figure (6.32), Hostun sand is rapidly 
desaturated in a narrow range of matric suction.  
In addition, the fitting parameter κ =1 may not be suitable for fine uniform sands. 
Figure (6.37) shows a comparison between the measured and predicted values using 
different values of κ (κ = 0.7, 1, and 2). The comparison shows that using fitting 
parameter value of 2 may better represent the real behaviour of unsaturated sand in 
bearing capacity tests; but differences still are observed between the measured and 
predicted values. 
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Figure (6.37) Effect of fitting parameter (κ) on the predicted ultimate bearing 
capacity of model strip footing on unsaturated sand 
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6.6 Discussion of the results of soil water characteristic curves tests 
From Figure (5.23), it can be seen that the SWCC of Hostun Sand is located in a 
narrow range of suction whereas the SWCC of kaolin is located in a wide range of 
suction. Between these two curves, the SWCCs of sand-kaolin mixtures are located. From 
the experimental results, SWCC parameters (i.e., air-entry value, residual suction, and 
water-entry value) were obtained. These parameters were determined by adopting 
methods suggested by Fredlund and Xing (1994) as illustrated in Figure (6.38). Air-entry 
and water-entry values and residual suction are defined as follows: 
    Air-entry value, ψAEV: the air-entry value is the soil suction at which air starts to enter 
largest pores of the soil during drainage process. 
 Residual suction, ψr: The residual suction is the soil suction at which the water starts to 
be held in the soil by adsorption forces (Sillers, 1997). 
    Water-entry value, ψWEV: The water-entry value is the soil suction at which water starts 
to enter the smallest pores during wetting process. The water-entry value corresponds to 
the matric suction at which the water content of the soil starts to increase significantly 
during the wetting process (Yang et al., 2004). 
 
Figure (6.38) Idealized soil-water characteristic curves modified after Fredlund and 
Xing (1994) (Yang et al., 2004) 
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Figure (6.39) shows the air entry value, residual suction, and water-entry value as 
a function of kaolin content in the soils tested. The air-entry value increases for the 
specimens with kaolin content higher than 10%. The air-entry value for the Hostun sand 
specimen and the mixture A (5% kaolin) was found to be similar (ψAEV = 1.7 kPa). For 
mixture B (10 % kaolin) the air-entry value is slightly higher (ψΑΕV = 1.8 kPa). For 
specimens with kaolin content less than 10 %, the large pores, due to large grains of the 
sand, are draining first. With further increase in fine content, the specimens reach higher 
air-entry values (mixture C (30 % kaolin): ψΑΕV = 30 kPa, kaolin: ψΑΕV = 2000 kPa)  
Besides increasing the air-entry value, increasing kaolin content results in 
increasing the residual suction. The residual suction increases with increasing the fine 
content (Hostun sand ψr = 3.8 kPa, mixture A ψr = 9 kPa, mixture B: ψr = 12 kPa, 
mixture C: ψr = 10500 kPa, and kaolin: ψr = 40000 kPa). It can be concluded that the 
ability of specimens to retain water increases by increasing kaolin content.  
The water-entry value also increases by increasing kaolin content in the mixtures 
(Hostun sand: ψWEV  = 3 kPa, mixture A: ψWEV = 6 kPa, mixture B: ψWEV = 7 kPa,  
mixture C: ψWEV  = 6000 kPa, and kaolin: ψWEV  = 11000 kPa). 
Hysteresis in the SWCCs indicates that the volumetric water content or degree of 
saturation in the soil is not unique at a specific matric suction value but is related to the 
wetting and drying history of the soil (Yang et al., 2004). The results show the influence 
of loading paths (either drying or wetting) on the shape of the curves. The drainage and 
wetting curves are not unique. The phenomenon of hysteresis was observed for all 
specimens. The hysteresis between drying and wetting paths increases with increasing the 
kaolin content in the specimens.  
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Figure (6.39) Influence of fine content on SWCC parameters  
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 The result of the current study show that in mixture A (5% kaolin), the pores sizes 
are governed by sand grains and the kaolin grains are partially coating the sand grains and 
the flow of the water due to the application of suction still governed with the pore size of 
sand. By further increment of fine content, the kaolin particles start to fill the pores in 
between the sand grains. 
The results of this study show that there is a threshold kaolin content at which the 
behavior of the mixture starts differing clearly from the behavior of the sand (i.e., 
granular content) behavior. By exceeding this value of kaolin content, the behavior 
becomes more similar to the behavior of the kaolin (i.e., clayey content). In case of 
Huston sand and Spergauer kaolin it appears that kaolin less than 10 % does not affect 
significantly on the microstructure of the mixture and thus on the saturation and 
disaturation behavior of the mixture.  
Agus (2005) reported that a there is a limiting content beyond which bentonite 
dominates the behavior of the mixture. Chui and Schackelford (1998) measured the 
unsaturated hydraulic conductivity of compacted sand-kaolin mixtures for low suction 
values (i.e., suction <60 kPa). The results of their tests showed that increasing the kaolin 
content results in increasing both the air-entry and water-entry values. Small changes in 
air-entry and water-entry values were observed when the kaolin is less than 10%.  
The characteristics of clean sand and pure clay have been studied extensively. In 
reality, sand deposits usually contain some fines consisting of non to low-plastic silts or 
clays (Ishihara, 1993). The mechanical behavior of sand-clay mixtures is completely 
different from that of sands. Increasing clay content generally results in increasing in the 
plasticity and the coefficient of secondary consolidation (creep) while the friction angle 
and permeability decrease (Daehyeon et al., 2005). 
Effect of type of soil, fine content, and soil plasticity on soil behaviour have been 
studied in several researches (e.g., Chiu and Schackelford ,1998; Montañes, 2002; Yang 
et al., 2004; Daehyeon et al., 2005; Agus, 2005; Marinho, 2005; Thakur et al., 2005; 
Ghahremani et al., 2007; Cui et al. , 2008; Arifin, 2008).  
Factors such as soil structure, initial water content, void ratio, and type of soil, 
mineralogy, and compaction method have significant effects on features of the SWCC. 
Among these factors, stress history and initial water content often have the greatest effect 
on soil structure, which in turn dominates the nature of the soil-water characteristic curve 
(Zhouh and Jian-lin, 2005).  
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The main factors influencing the relationship between the degree of saturation and 
suction of the fine grained soils are the surface area and the cation exchange capacity. 
Pore water is retained by molecular bonding, electrical field polarization caused by the 
negative charge on the surface of the minerals, and Van der Waals attraction within the 
soil-pore water interface between the molecules as well as the exchangeable cation 
hydration (osmotic effects).  
In coarse grained soils, the surface area is relatively small and the cation exchange 
capacity is not affecting the properties of coarse materials. The behaviour of coarse 
grained soils is mainly controlled by the contact forces between the grains and the matric 
suction (negative pore-water pressure). The influence of the sand on the mechanical 
behavior of sand-bentonite mixture takes effect at high sand content where the inter-
granular contact between sand grains exists (Agus, 2005). 
 Capillary forces are responsible for relatively low suction values (high water 
contents) governed by the pore-size distribution. At low values of water content (high 
suction values), where water is only available as a thin film on the grain surfaces, the 
dominant mechanism influencing the shape of the soil-water characteristic curve are the 
surface properties of the grains.  
Controlled by relatively large pores, the air-entry value as well as the water-entry 
value of the sand is low. Clay absorbs a greater amount of pore water due to small pores, 
significant specific surface properties, and specific charge properties. The smaller pores 
retain the water up to a higher matric suction resulting in a high air-entry and water-entry 
values. Thus the capacity of water absorption is the highest for clays and their soil-water 
characteristic curves locate over a wide range of soil suctions. 
 The residual zone for the sand is generally very limited, because both specific 
surface properties and specific charge properties are relatively very small. The pore-size 
distribution mainly influences the shape and the slope of the SWCC. Poorly graded soils 
have steep soil-water characteristic curves, because the majority of pores are drained at a 
narrow range of soil suction. Well-graded soils have flatter soil-water characteristic 
curves, because of the different size pores, and they are drained over wider range of soil 
suction. Coarse-grain soils such as gravel and sand show a tendency to desaturated at a 
fast rate with increasing suction. The rate of desaturation decreases with an increasing in 
fine content. The slope of branch in transition zone for silty soil is steeper than that of 
kaolin (Nishimura and Fredlund, 2000).  
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 (Montañes, 2002) reported that the increase in bentonite content shifts the soil 
water characteristic curve and decrease the residual degree of saturation. The wetting 
paths for mixture with low fine content (5% and 10 % bentonite) are strongly affected by 
the characteristics of the granular component (i.e., sand). Figure (6.40) show a scanned 
electron microscope image of sand-bentonite mixture with 10 % bentonite content. The 
image shows how the sand particles are partially coated with bentonite. 
Yang et al. (2004) investigated the effect of the soil type on the soil water 
characteristic curve. The soils tested were gravelly sand, medium sand, fine sand, and 
clayey sand. They reported that the coarse-grained soil has a lower air-entry value, lower 
residual soil suction, and lower water-entry value than a fine grained soil, and that the 
SWCC of a uniform soil has a steeper slope than that of a less uniform soil. In addition, 
they showed that there was considerable hysteresis between the drying and wetting curves 
for each soil.  
Ghahremani et al. (2007) presented a series of scanned electron microscope 
(SEM) images. Figure (6.41a) presents the specimen with 10% clay content (images on 
the right side illustrate the rectangular on the left side). The images clearly illustrates that 
the clay particles are residing on the surface of sand grains. Figures (6.41b) presents the 
images of specimen with 30%. Although the sand grains are gradually being confined 
with the clay particles, there are still sand grains in contact. The numbers of such sand-
sand contacts decreases by increasing the clay content. For 40% clay (Figure (6.41c)), the 
sand grains are confined the clay particles. 
 
Figure (6.40) Sand particles coated partially with bentonite in sand-bentonite mixture 
(10% bentonite) (Montañes, 2002) 
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(a) 
(b) 
 
(c) 
Figure (6.41) Scanned electron microscope (SEM) images for specimens with different 
clay content: (a) 10 % clay; (b) 30 % clay; and (c) 40 % clay (Ghahremani et al., 2007) 
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CHAPTER 7  
CONCLUSIONS AND RECOMMENDATIONS  
7.1 Conclusions 
In this chapter, the main conclusions drawn from this study and recommendations 
for future research are presented. In this thesis, a new developed biaxial device has been 
presented and, using this new device, an experimental study on the mechanical behaviour 
of unsaturated sand in plane-strain condition has been performed. For the purposes of 
clarity, the derived conclusions have been grouped in three main sections as follows: 
conclusions from the biaxial tests using the new developed device, conclusion related to 
the bearing capacity tests, and finally the conclusions drawn from the SWCCs tests.  
7.1.1 The new developed double-wall biaxial device 
1. The calibration tests of the new device show that the new device is capable of 
testing dry, saturated, and unsaturated soil under plane-strain conditions in a 
very realistic way. 
2. The new developed double-wall biaxial device enables several types of biaxial test 
to be performed:  
♦ Measuring the volume changes of unsaturated sample. 
♦ Determining the shear strength parameters for dry, saturated, and unsaturated 
granular materials in plane-strain conditions. 
♦ Applying suction gradient within the soil specimen during the test. 
♦ Studying the strain localization under partially saturated conditions.  
♦ Performing compression biaxial tests with different end restrain conditions (i.e., 
fixed or free bottom end) 
3. The calibrations tests using saturated soil specimen show that the system is capable 
of measuring the volume changes of the specimen by mean of the double-wall 
cell technique. The observed errors in the volume changes measurements of the 
saturated soil specimen were in the range 0.01 - 0.07 %.  
4. The results of the null tests strongly support the use of the net stress and matric 
suction as two independent stress state variables to describe the behaviour of 
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unsaturated soil. The maximum measured volumetric strain of the specimen in 
the null tests on sand-kaolin mixture specimen was about 0.07 %. With regard to 
the accepted absolute error proposed by Geiser et al. (2000), the measured values 
in the new device can be accepted. The significant amount of creep underlines 
that the creep of the inner cell in a double wall system should be taken into 
consideration in the analysis of the tests results regarding the volumetric strain. 
7.1.2 Biaxial tests on Hostun sand 
1. The friction angle of the dense sand specimens increases with the decreasing of the 
confining pressure. The maximum friction angle measured for confining 
pressure of 5 kPa was 55.8°, whereas the value of 42.8° was measured for the 
confining pressure of 600 kPa. 
2. The maximum friction angle measured for the loose sand under confining pressure 
of 50 kPa was 39.6°. For 150 kPa confining pressure, friction angle of 36.7° was 
measured. 
3. Dilatancy angle decreases considerably by increasing the confining pressure. The 
maximum dilatancy angle was 20.5° for the confining pressure of 5 kPa, whereas 
the dilatancy angle of 11.1° was measured for confining pressure of 600 kPa. 
4. The relationship between the dilatancy angle and the friction angle fits well with the 
equation proposed by Bolton (1986) for plane-strain state (i.e., φ p = φ cv+ 0.8 ψ). 
The results in the present study follow the equation: φ p = φ cv+ 0.77 ψ  
5. Loose sand specimens exhibit small amount of dilation under low values of 
confining pressure. Beyond the value of 100 kPa contraction was observed. The 
dilatancy angle of 2.7~2.8° was measured for the range of pressure 50-100 kPa. 
No dilation was observed in the case of confining pressure of 150 kPa.  
6. The angle of shear band inclination increases with the decreasing of the confining 
pressure. The maximum angle of shear band inclination (θm= 68.7°), with 
respect to the direction of the plane of the major stress (σ1), was measured for 
the specimen tested under confining pressure of 5 kPa. Whereas for the 
specimen tested under 600 kPa confining pressure, the measured shear band 
inclination angle was θm = 55.7°. 
7. The results of the biaxial tests on unsaturated dense Huston sand show that the 
shear strength of unsaturated sand tends to increase with the increasing of the 
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matric suction in the range between the fully saturated condition and a value of 
matric suction of 2 kPa (almost at the beginning of the transition zone) which is 
slightly higher than the air entry value of the sand (AEV = 1.7 kPa). Beyond this 
value of matric suction, the shear strength starts to decreases with the increasing 
of the matric suction. The minimum shear strength is that consistent with the 
fully saturated specimen.  
8. The measurements of the thickness of the shear band show that the confining 
pressure does not affect the thickness of the shear band in the tested range of 
confining pressure (i.e., 5-600 kPa).  
9. The comparisons between the measured and predicted shear strength of unsaturated 
Hostun sand, shown in Figure (6.30), show that there is a significant differences 
between the measured and predicted values. This can be attributed to the fact 
that the prediction equations do not take into consideration the dilation effect. In 
addition, the fitting parameters in these equations may need to be modified for 
such types of soils (i.e., uniform sands) which desaturated in a narrow range of 
matric suction. 
10. It was found that changing the matric suction does not affect the maximum 
dilatancy angle and the angle of shear band inclination. It was noticed that both 
the maximum dilatancy angle and the angle of shear band inclination are 
sensitive to the changes in the net confining pressure. 
7.1.3 Bearing capacity tests of model strip footing on Hostun sand   
1. The ultimate bearing capacity of a model strip footing on unsaturated sand was 
found to increases by increasing the matric suction to a value slightly higher than 
the air entry value of the sand, beyond this value the ultimate bearing capacity 
starts to decrease to reach, in higher value of matric suction, the minimum 
ultimate bearing capacity (i.e., the ultimate bearing capacity at fully saturated 
conditions). 
2. The bearing capacity tests show that the settlement required to reach the maximum 
load is influenced by the matric suction as shown in Figure (6.29). The required 
settlement to reach the peak load increases by increasing the matric suction up to 
matric suction slightly higher than the air entry value of the sand. By further 
increment of matric suction the settlement at peak starts to decrease. 
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3. The measurements of the matric suction in different depths under the footing show 
that no significant changes in matric suction occurs during a low rate loading 
stage. 
7.1.4 Effect of fine contest on SWCCs  
1. The SWCCs of the sand, kaolin, and three kaolin-sand mixtures show that 
increasing the fine content (i.e., kaolin content) affects significantly the shape of 
the curve. 
2. The air entry value, residual suction, and water-entry value increase by increasing 
fine content. 
3. The SWCCs show that the loading paths (drying or wetting) influence the shape of 
the curves. For all soils tested, there is hysteresis between the drying and wetting 
curves. 
7.2 Recommendations and future work 
Based on the finding of the experimental work performed for this thesis, the following 
recommendations are presented: 
1. Minor modifications to the current version of the biaxial device can provide the 
ability of measuring the intermediate stress, the displacement of the bottom end 
platen, and specimen deformation at several points along the specimen height. 
These measurements can be used to, for example, to detect the onset of the shear 
band in soil specimen.  
2. The determination of the soil water characteristic curves for different sand-kaolin 
mixtures provides a base to test the shear strength of unsaturated sand-kaolin 
mixture under plane-strain conditions. 
3. An extended experimental program on model footing with different depths 
(different d/B ratios) and different shapes (i.e., square, rectangle, circular) can be 
performed to establish a new approach to determine the bearing capacity of 
footings on unsaturated soil. 
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